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“Spektroelektrochemie von Heteroatom enthaltenden intrinsisch leitfähigen Polymeren, 
die über verkapselte Monomere hergestellt wurden” 
 
Diese Dissertation beschreibt die elektrochemische Synthese von leitfähigem Polypyrrol 
(PPy), Poly-N-Methylpyrrol (PNMPy), Poly(3-Methylpyrrol) (P3MPy), Poly(Pyrrol-2,6-
dimethyl-β-cyclodextrin) P(Py-β-DMCD), Poly(N-Methylpyrrol-2,6-dimethyl-β-
cyclodextrin) P(NMPy-β-DMCD) und Poly(3-Methylpyrrol-2,6-dimethyl-β-cyclodextrin) 
P(3MPy-β-DMCD) auf einer Goldelektrode durch Potentialzyklen in wässrigen und 
nichtwässrigen (Acetonitril) Elektrolytlösungen mit Lithiumperchlorat als Leitsalz. Die 
erhaltenen Stoffe wurden mit zyklischer Voltammetrie, in situ UV-Vis-Spektroskopie, ex 
situ FT-IR Spektroskopie, in situ oberflächen verstärkter Ramanspektroskopie (SERS) 
und in situ Widerstandmessungen charakterisiert. Für die Elektrosynthese der Polymere 
in Gegenwart von Cyclodextrin wurden 1:1 (Molverhältnis) Verbindungen (Wirt-Gast-
Komplex) von β-DMCD mit Py, NMPy und 3MPy resp., charakterisiert mit Proton-
NMR-Spektroskopie, als Ausgangsmaterial eingesetzt. Die zyklischen Voltammogramme 
ergaben unterschiedliches Verhalten der Polymere in wässrigen und nichtwässrigen 
Lösungen während der Elektrosynthese. Die Ergebnisse zeigen, dass sich in 
nichtwässrigen Lösungen das Oxidationspotenzial von Py, NMPy und 3MPy-Monomeren 
bei Anwesenheit von Cyclodextrin erhöht. Dieselben Resultate ergaben sich für P(Py-β-
DMCD) und P(NMPy-β-DMCD) in wässriger Lösung. Die leichte Verschiebung des 
Oxidationspeaks der Polymere bei Anwesenheit von Cyclodextrin (CD) verglichen mit 
den Polymeren bei Abwesenheit von CD könnte das Resultat der teilweise oder 
vollständig im hydrophoben Hohlraum der CD eingeschlossenen hydrophoben 
Monomere sein. In situ Leitfähigkeitsmessungen von PPy und PNMPy zeigen, dass 
Filme, die in Acetonitrillösungen hergestellt wurden besser leitfähig sind als die Filme, 
die in wässrigen Lösungen hergestellt wurden. Die Ergebnisse zeigen, dass der 
Widerstand der Polymere in der folgenden Reihenfolge steigt: PPy < P3MPy < PNMPy 
and P(Py-β-DMCD) < P(3MPy-β-DMCD) < P(NMPy-β-DMCD). Die FT-IR-
Spektroskopie wurde verwendet die Polymere zu identifizieren und die Anwesenheit der 
CD in das Material. Die Spektren schlägt vor, keine CD-Aufnahme in den P (Py-β-
DMCD) und P (NMPy-β-DMCD) Filme. In situ UV-Vis- und in situ SERS-Messungen 
zur Untersuchung der Struktur und der Eigenschaften der elektronisch leitfähigen PPy, 
PNMPy, P3MPy, P(Py-β-DMCD), P(NMPy-β-DMCD) and P(3MPy-β-DMCD) wurden 
in 2 verschiedenen Medien durchgeführt. Die in situ SERS-Spektren der Polymere, 
abgeschieden auf aufgerauhter Goldoberfläche und Substrat durch ORC (Oxidations-
Reduktions-Zyklus) –Vorbehandlung zeigten sowohl eine deutliche Erhöhung der 
Intensität als auch eine bessere Auflösung. 
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“Spectroelectrochemistry of Heteroatom-Containing Intrinsically Conducting Polymers 
Synthesized via Encapsulated Monomers” 
 
This dissertation describes the electrochemical synthesis of conducting polypyrrole 
(PPy), poly(N-methylpyrrole) (PNMPy), poly(3-methylpyrrole) (P3MPy), poly(pyrrole-
2,6-dimethyl-β-cyclodextrin) P(Py-β-DMCD), poly(N-methylpyrrole-2,6-dimethyl-β-
cyclodextrin) P(NMPy-β-DMCD) and poly(3-methylpyrrole-2,6-dimethyl-β-
cyclodextrin) P(3MPy-β-DMCD) films by electrode potential cycling on a gold electrode 
in aqueous and nonaqueous (acetonitrile) electrolyte solutions containing lithium 
perchlorate. The resulting products were characterized by cyclic voltammetry, in situ 
UV-Vis spectroscopy, ex situ FT-IR spectroscopy, in situ surface enhanced Raman 
scattering (SERS) and in situ resistance measurements. For electrosynthesis of polymers 
in the presence of cyclodextrin, a (1:1) (mole-mole) compounds (host-guest-complex) of 
β-DMCD with Py, NMPy and 3MPy, respectively; previously characterized with proton 
NMR spectroscopy was used as starting material. Different cyclic voltammetric behavior 
was observed for polymers in aqueous and nonaqueous solutions during electrosynthesis. 
The results show that in nonaqueous solutions the oxidation potential of Py, NMPy and 
3MPy monomers increases in the presence of cyclodextrin. The same results were 
observed for P(Py-β-DMCD) and P(NMPy-β-DMCD) in aqueous solution. The slight 
shift of the oxidation peak for polymers in the presence of cyclodextrin (CD) compared to 
polymers in absence of CD may be a result of the hydrophobic monomer partly or 
entirely included in the CD hydrophobic interior cavity. In situ resistance measurements 
of the PPy and PNMPy show that films prepared in acetonitrile solution have less 
resistance than those synthesized in aqueous solutions. Meanwhile, the results show that 
the resistance of the polymer increased in the following order PPy < P3MPy < PNMPy 
and P(Py-β-DMCD) < P(3MPy-β-DMCD) < P(NMPy-β-DMCD). The FT-IR 
spectroscopy was used to identify the polymers and to find evidence for the presence of 
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Abstract 
the CD in the material. The spectra suggests no CD incorporation in the P(Py-β-DMCD) 
and P(NMPy-β-DMCD) films. In situ UV-Vis spectroscopy and in situ SERS 
measurements for the study of the structure and properties of electronically conducting 
PPy, PNMPy, P3MPy, P(Py-β-DMCD), P(NMPy-β-DMCD) and P(3MPy-β-DMCD) 
were carried out in two different media. The in situ SERS spectra of polymers deposited 
on the roughened gold substrate with ORC (oxidation-reduction cycle) pre-treatment 
indicated both a marked increase in intensity and a better resolution. 
 
Keywords: β-dimethyl cyclodextrin; polypyrrole; poly(N-methylpyrrole); poly(3-
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1.1 Conducting Polymers 
1.1.1 Intrinsically Conducting Polymers (ICPs) 
1.1.1.1 Brief Overview 
Intrinsically conducting polymers (ICPs) are an exciting new class of materials, which 
has attracted rapidly increasing interest since their discovery in 1979 [1]. This series of 
new conducting polymers based on heterocyclic compounds, e.g. derivatives of 
polyaniline (PAn), polypyrrole (PPy) and polythiophene (PTh), has given rise to 
considerable research efforts in both basic and applied materials science with the view of 
developing new materials for information and communication technologies. ICPs differ 
from polyacetylene (PA) by (i) their higher environmental stability, (ii) their 
nondegenerate ground state related to the aromatic and quinoid forms, and (iii) their 
structural versatility which allows the modification of their electronic and 
electrochemical properties by manipulation of the monomer structure [2]. ICPs have the 
potential of combining the high conductivities of pure metals with the processibility, 
corrosion resistance and low density of polymers [3] and are beginning to find 
applications in the fields of battery materials [4-5], electrochromic displays [6], 
electromagnetic shielding [7], gas sensors [8], chemical sensors [9-13], biosensor [14-
15], ion sieving [16], non-linear optics [17-18] and molecular electronics [19-20]. These 
ICPs have given rise to enormous theoretical and experimental works devoted to (i) the 
analysis of their structure and properties using a whole arsenal of physical techniques, (ii) 
the development of new methods allowing a better control of their structure and 
electronic properties, (iii) the synthesis of functional polymers in which the electronic 
properties of linear π-conjugated systems are associated with the specific properties 
generated by covalently attached prosthetic groups, and (iv) the analysis of their multiple 
technological applications extending from bulk utilizations such as antistatic coatings, 
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energy storage, to highly sophisticated electronic, photonic and bioelectronics devices 
[21]. 
1.1.1.2 General Properties of ICPs 
 
The electronic characteristics of ICPs are directly related to the π-conjugation 
conformation of polymer chains. The oxidation and reduction processes of the polymer 
backbones lead locally to a structural distortion of the ground state, from benzoid 
structure existing in undoped (neutral) state to quinoid structure in doped state. As a 
result, the localized distortion generates a change of electronic characteristics. The high 
conductivity of ICPs can be achieved by redox processes (chemical or electrochemical), 
in which the polymer backbones are oxidized or reduced and counterions (dopants) are 
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In the neutral state (undoped), ICPs possess π-conjugated polymer chain of aromatic 
rings (benzoid form) and polymers possess properties of p-type semiconductor. When an 
electron is removed from the polymer backbone to form a positive charge, ICPs will be 
oxidized. In order to moves out a proton, an anion moves into the polymer chain. As a 
result of this oxidation process, a radical cation is formed, which is locally associated 
with a structural distortion in the ICPs. This entity is called a polaron, a term borrowed 
from condensed matter physics. The polaron state is a charge in an extended lattice which 
is stabilized by a local distortion of that lattice. Removal of the second electron from the 
ICP forms another polaron at some location in the ICP chain, giving rise to two polarons. 
However, the second electron could also be removed from the polaron itself, generating a 
bipolaron (dication). It has been found by theoretical and experimental studies that the 
bipolaron in such extended structures is significantly more stable than two polarons [22]. 
The oxidation process considered above generating positively charged polarons and 
bipolarons is called ‘p-doping’ process. In the case of reduction or donation of electrons 
to ICP chains, negatively charged polarons (radical anions) and bipolarons (dianions) are 
generated. This is a so-called ‘n-doping’ process. However, in practice for most 
conducting polymers n-doped ICPs are less stable [23]. The doping process will enhance 
strongly the conductivity of the polymers. The doping level depends on the nature of the 
counterions, the nature and order of polymer backbones and on the applied potential. For 
instance, a high doping level was observed approximately at 0.4 (one charge carriers per 
every 2.5 units) for PPy with a conductivity of the order of 100 S cm-1 [24]. Furthermore, 
during redox processes, the dopants (counterions) move in or out of the conducting 
polymer lattice. This leads to physical, volumetric strains on the conducting polymers, 
i.e. swelling and shrinking [22]. Therefore, it is possible for conducting polymers to 
convert electrical energy into mechanical work, which can be applied for sensors and 
electromechanical devices. More interesting, the electronic characteristics of ICPs and 
their stability are strongly associated with the oxidation potential of monomers and their 





1.1.1.3 Mechanism of Conduction 
 
Mechanism for electronic conductivity and the nature of charge carriers in conjugated 
polymers is still a subject of debate. A brief summary of the various theoretical models 
for the electronic conductivity of conjugated polymers, using polypyrrole as example, is 
given in Fig. 2. In heterocycle polymers, where two non-degenerate regions are separated 
by a topological defect, the formation of single solitons like polyacetylene is 
energetically unfavorable [25] and paired sites are formed. This is the case for 
polypyrrole, which can be drawn with either aromatic (Fig. 2a) or quinoid (Fig. 2b) 
structures, of which the latter possesses a higher energy configuration. Two neutral 
radicals on a single chain will recombine to eliminate the structural defect, although, if 
one is charged, a polaron is formed which is delocalized over about four rings (Fig. 2c) 
and when both defects are charged, they are predicted to pair up to form a bipolaron 
consisting of a doubly charged defect with no spin (Fig. 2d) and extending over a similar 
number of ring to the polaron. At higher doping levels, bipolarons may also combine to 


































































Figure 2 PPy structures showing the (a) non-degenerate aromatic, (b) quinoid 
configurations, (c) a polaron defect and (d) a bipolaron defect. 
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Although these charge carriers are responsible for electrical conductivity in conjugated 
polymers, many structural imperfections are present in all polymers and thus when 
discussing mechanisms of bulk conductivity, these defects need to be considered. 
Conductivity is not only a result of charge transfer along the chain, but is also due to 
electron hopping between chains and different conjugated segments of the same chain. In 
addition to these effects which act at a molecular level, bulk conductivity values are also 
dominated by electron transfer between grain boundaries and variations in morphology 
[27-28]. Thus, the bulk conductivity of a conjugated polymer maybe described by Eq. 1 
[3]. 
σ  = ∑ Ε iii evZn                                                                                     Eq. 1 
Where,  
σ = conductivity (S cm-1), ni = number of charges carried by each type i, Zi = carrier type, 
e = electronic charge (1.60 × 10 -19 C), vi = drift velocity of electron (cm s-1), and E = 
electric field (V cm-1). 
Equation 1 takes into account different type of charge carrier which contributes to the 
overall observed electrical conductivity in the bulk polymer. 
1.1.2 Synthesis of Conducting Polymers 
 
Conducting polymers such as PPy, PTh and PAn are generally prepared by oxidation of a 
suitable monomer. In the vast majority of cases the oxidation is either chemical or 
electrochemical in nature, although the former has now been largely superseded by 
electrochemical methods. In the other case, limited examples of photochemically and 
enzymatically-catalysed oxidative polymerisations have also been reported [29]. The 
following sections describe two different synthetic routes. 
1.1.2.1 Chemical Polymerisation 
 
A large number of conducting polymers can be synthesized via catalytic oxidation [30]. 
However, control over polymer morphology is extremely limited, purification can be 
problematic and processing is virtually impossible. Typically, chemical polymerization 
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uses a chemical oxidant such as FeCl3 or (NH4)2S2O8, which simultaneously oxidizes the 
monomer and provides the dopant anion. The chemical polymerisation of pyrrole is 
thought to occur with a mechanism similar to that for electropolymerisation.  
1.1.2.2 Electrochemical Polymerisation 
 
Electrochemical synthesis of conducting polymers offers many advantages over chemical 
synthesis, including the in situ deposition of the polymer at the electrode surface, and 
hence, eliminating processability problems and the control of the thickness, morphology 
and degree of polymer doping by the quantity of charge passed. In addition, the polymers 
are simultaneously oxidised to their doping conducting forms during polymer growth. 
Electropolymerization is achieved by the electro-oxidation of the heterocycle in an inert 
organic solvent containing supporting electrolyte [31]. Among the mechanisms proposed, 
two have gained the greatest interest. One of those is the oxidative coupling of monomer 
molecules [32]. A schematic electropolymerization of five membered heterocycle is 
shown in Fig. 3. The first step of reaction (A) is the electrode oxidation of monomer 
molecules yielding radical cation with the radical state delocalized over the heterocycle 
ring (a). The maximum spin density is at the α-position [33], hence, of the three possible 
resonance states, b, c and d, the latter is the most stable. A high concentration of these 
species is maintained at the anode surface because the rate of electron transfer greatly 
exceeds the monomer diffusion rate to the electrode surface. The second step, a chemical 
reaction (B), involves the spin-pairing of two radical cations to form a dihydro dimer 
dication, which subsequently undergoes the loss of two protons and rearomatisation to 
form the dimer (this is the rate-controlling step of the reaction [32, 34]). Aromatization is 
the driving force of the chemical step (B). Coupling occurs primarily through the α-
carbon atoms of the heterocyclic ring since these are the positions of highest unpaired 
electron π-spin density and hence reactivity. The dimer will be move easily than the 
monomer, it exists in a radical cation form and undergoes further coupling reactions with 
other radical cations at the applied potential. This electropolymerisation mechanism, 
according to the general scheme A(BA)n, continues until the oligomer becomes insoluble 
in the electrolytic medium and precipitates onto the anode surface [2, 35]. However, this 
mechanism for electropolymerisation is greatly simplified, with the nature of the rate 
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limiting step and the exact role of oligomers in the initial step remaining unresolved [36]. 
Since conjugated oligomers are oxidised at less positive potentials than their 
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Figure 3 The first mechanism proposed for electrochemical polymerization of aromatic 
five membered heterocycles. 
 
Typically, one electron is removed from the polymeric backbone for every three-four 
monomer units to form polaron structures, responsible for inherent conductivity. Anions, 
termed ‘dopants’, are thus incorporated into the film to maintain electroneutrality. The 
doping terminology of conductive polymers should be distinguished from its 
conventional use in semi-conductor physics, since considerably higher concentrations of 
dopant are employed in the former, typically up to 33% [36]. Conductive polymers can 
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be cycled between the oxidised conducting state and the neutral insulating state [37], this 
process being controlled by the diffusion of counter ions into and out of the film 
respectively [38]. The type of counterions used can greatly affect the conductivity of the 
film [39]. For example, for equal degrees of tetraflouroborate doping, PPy typically has 
conductivities in the range of 30-100 S cm-1, whereas with perchlorate anions, enhanced 
conductivities of 60-200 S cm-1 can be achieved [40]. It is generally assumed that 
polymer growth occurs via a nucleation process similar to that of metal deposition. 
However, ellipsometric measurements of PPy formation [41] suggest that polymerization 
does not occur via localized nucleation but that product grows homogeneously on the 
surface. Potential step experiments have shown instantaneous nucleation on the bare 
metal surface followed by rapid formation of a polymer monolayer [42]. Spectroscopic 
measurements [42] have shown that initially short oligomers are produced with longer 
chains appearing subsequently and that the electrical properties of the bulk material only 
become evident when the growth centers have overlapped to form a continuous film. The 
alternative mechanism proposed for polymerisation of heterocycle is the free radical 
reaction (Fig. 4) [43-44]. After reoxidation of the dimeric radical and proton loss, the 
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 loss of proton
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Figure 4 The second mechanism proposed for electrochemical polymerization of 
aromatic five membered heterocycles. 
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The release of protons in the course of oxidation of pyrrole was observed experimentally 
[45]. Kinetic studies for pyrrole showed that Fig. 3 is more probable. According to the 
Fig. 4, any free-radical initiator would trigger the polymerisation of pyrrole, which is not 
the case. In addition, the Fig. 4 can not account for the experimentally observed fact that 
polymerisation proceeds only when monomer oxidation occurs in parallel with the 
oxidation of the polymer (the oxidation potentials for the dimer and oligomers of pyrrole 
are lower than that for the monomer). 
1.2 Polypyrrole  
1.2.1 General Overview 
 
Polypyrrole (PPy) is one of the most widely studied conducting polymers and has been 
well characterized. This is in part due to the fact that it is known to exhibit a relatively 
high conductivity and good environmental stability [46]. This polymer is electroactive 
and can act as an anion exchanger and during the synthesis of polymer dopant anions are 
incorporated to balance the positive charges that develop on oxidized polymer. Upon 
reduction of PPy the positive charges are removed and hence the dopant anions are 
expelled from the polymer [47-49]. Upon reoxidation of the polymer, anions from the 
supporting electrolyte will be incorporated to balance the developing positive charges. 
However, if immobile and large dopants anions (polyelectrolytes) are incorporated into 
the polymer matrix during growth, then they will be almost completely retained upon 
reduction of the polymer. In order to maintain charge neutrality, cations from the 
surrounding solution are therefore taken up by the polymer. These cations will be 
expelled from the polymer when it is reoxidised, opening up the possibility of using these 
polymers as cation-exchangers [50]. PPy varies in color from pale yellow for the fully 
reduced (de-doped) form to black for the fully oxidized (doped) form. The UV-Vis 
spectrum of PPy has been found to be highly dependent upon the doping of the polymer 
[29]. PPy is generally insoluble in water and common organic solvents and does not melt 
upon the application of heat, but instead decomposes. This is due to a high degree of both 
ionic and covalent cross-linking [29, 47]. There are also usually strong inter-chain 
interactions within PPy that tend to cause aggregation to form non-uniform particles [51]. 
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In many cases this has meant that PPy is yet to come close to realizing its potential and 
therefore there is much interest in preparing more processable PPy [47]. 
1.2.2 Substituted Pyrrole  
 
Pyrrole substituted at the N-position and the β-position can undergo 
electropolymerization to produce conducting polymers, since the 2- and 5-(α-) positions 
remain available for monomer coupling [36]. The electrochemical behavior of a wide 
range of β-substituted pyrroles has been investigated, although β-substituted thiophens in 
comparison are generally more suitable due to their stability and ease of preparation [40]. 
The products formed from electro-oxidation highly depend on the substituents, with some 
reactions producing conducting polymers and other, insulating layers or soluble species. 
This has been attributed to electronic and steric factors [40]. The crystal structure of the 
dimer of β, β´-dimethylpyrrole shows it is too nonplanar [52]. Models show that a methyl 
group in one or both of the β-positions does not necessarily prevent chain planarity, and 
the high conductivities measured for these polymers imply that they are in fact essentially 
planar. However, it should be pointed out that the redox potential of poly(β, β´-
dimethylpyrrole) is slightly more positive than PPy itself, whereas the reverse would be 
expected due to the N-methyl groups [53]. This effect could indicate some deviation from 
planarity in the substituted polymer. On the other hand, large bulky phenyl groups in the 
β-positions clearly lead to loss of planarity and result in the same low conductivity 
observed for nonplanar poly(N-methylpyrrole) (PNMPy). It has been proposed that the 
high conductivity associated with the parent polymer was related to the presence of the 
hydrogen on the nitrogen. 
Numerous N-substituted such as N-alkylpyrrole polymers have been prepared. Without 
exception, all such polymers have conductivities at least four order of magnitude less 
than the parent PPy which is due to loss of planarity [54]. The quality and yield of the 
films become quite poor when the N-alkyl group is butyl or bigger than butyl. The initial 
characterization of N-alkylpyrrole polymers when in the oxidized form indicates that the 
degree of oxidation of the polymer and the conductivity is reduced with the introduction 
of N-alkyl substituents [55-56].  
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The series of poly(N-arylpyrrole) films (aryl: phenyl, biphenyl and etc.) have also been 
prepared. These films are generally more difficult to prepare may result from both the 
steric and electronic effect of the aryl group. The inductive affects of the aryl group 
makes these monomer much more difficult to oxidize [40].  
1.3 Cyclodextrines (CDs) 
1.3.1 Brief History and Structure  
 
Cyclodextrines (CDs) were first isolated in 1891 [57]. The cyclic structure of the glucose 
oligomers and the enzyme responsible for the synthesis of cyclodextrines was identified 
in 1904 by Schardinger [58]. The correct chemical structure of CDs was not published 
until 1938. Freudenberg and coworker characterized them as cyclic structures composed 
of α-1,4-linked glucose units [59]. The foundations of CDs chemistry were laid down in 
the first part of the 20th century. Possible application and complex formation with CDs 
was recognized and studied in 1953 [60] and with their research the way was paved for 
use of CDs as enzyme models [61]. However, until 1970 only small amounts of CDs 
could be produced and high costs prevented their wide spread usage. 
Structure of CDs obtained biotechnologically in large scale by the enzymatic degradation 
of starch, by making use of a Glycosyltransferase (an enzymes that act as a catalyst for 
the transfer of a monosaccharide unit from activated sugar phosphate to an acceptor 
molecule) from Bacillus macerans (a genus rod-shaped, Gram-positive bacteria) [62-63]. 
Mainly three cyclic oligosaccharides are obtained. They are called α-, β- and γ 
cyclodextrin. These CDs consist of six, seven and eight D-glucose units, respectively, 
attached by α-1,4-linkages (Fig. 5). CDs consisting of more D-glucose units also exist 
[61], but they are too expensive for the development of practical applications. Each of the 
chiral glucose units is in the rigid C1-chair conformation, giving the macrocycle the 
shape of a hollow truncated cone. The cone is formed by the carbon skeletons of the 
















































n= 6 ; Alfa CD
n= 7 ; Beta CD
n= 8 ; Gama CD  
Figure 5 Structure of cyclodextrin (a) and general structure of cyclodextrines (b). 
 
The primary hydroxyls of the glucose units are located at the narrow end of the cone and 
the secondary hydroxyls at the wide end (Fig. 6). The primary hydroxyls on the narrow 
side of the cone can rotate, to partially block the cavity. In contrast the secondary 









Figure 6 Schematic side view of cyclodextrin. 
1.3.2 Properties and Derivatives 
 
Table 1 lists some interesting properties of the native CDs [64-65]. CDs are water-soluble 
because of the primary and secondary hydroxyls on the outside of CDs. They are 
insoluble in most organic solvents. The cavity of the CD rings consists of a ring of C-H 
groups, a ring of glycosidic oxygen atoms and again a ring of C-H groups. This renders 
the interior of the CD rings less polar. CDs are almost nontoxic. One of the little toxicity 
of CD is hemolysis [66-67]. The hemolysis is a secondary event, resulting from the 
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interactions of CDs with membrane components. It is reported that CDs at lower 
concentrations protect the human erythrocytes against osmotic and heat-induced 
hemolysis. At higher concentrations, 37 ºC, pH 7.4, in 10 mmol.dm-3 isotonic phosphate 
buffer, however, they cause the release of cholesterol and phospholipids from the cell 
membrane resulting in cell disruption [66]. The activity of CDs follows the order, β-, γ- 
and α-cyclodextrin, where β-cyclodextrin is the most toxic. 
CDs complexation can give beneficial modification of guest molecules such as solubility 
enhancement, stabilization of labile guests, physical isolation of incompatible compounds 
and control of volatility and sublimation. Furthermore, the chemical reactivity of the 
guest is changed by the incorporation into the cavity.  
 
Table 1 Some physicochemical properties of the CDs. 
Property α-cyclodextrin β-cyclodextrin γ-cyclodextrin 
Number of glucose units 6 7 8 
Empirical formula (anhydrous) C36H60O30 C42H70O35 C48H80O40
Molecular weight (g.mol-1) 972.85 1134.99 1297.14 
Water solubility (g.L-1 25˚C) 145 18.5 232 
∆H˚ solution (kJ mol-1) 32.1 34.7 32.3 
∆S˚ solution (J K-1 mol-1) 57.7 48.9 61.4 
pKa (25˚C, by potentiometry) 12.33 12.20 12.08 
Specific rotation [α]D25 150.5 ± 0.5 162.5 ± 0.5 177.4 ± 0.5 
Outer diameter ( ) 
o
A
14.6 15.4 17.5 
Inner diameter ( ) 
o
A
4.9 6.2 7.9 
Cavity volume ( )
o
A 3
176 346 510 
Height cone ( ) 
o
A
7.9 7.9 7.9 
 
Most important derivatives of CDs are randomly methylated-β-CD (β-RMCD), 
hydroxypropyl-β-CD (β-HPCD), hydroxyethyl-β-CD (β-HECD), heptakis (2,6-
dimethyl)-β-CD (β-DMCD) and heptakis (2,3,6-trimethyl)-β-CD (β-TMCD). 
Modification of solubility and complexation abilities (stability constant, guest selectivity) 
 25
Introduction 
and also introducing groups with specific functions (e.g. catalytic) are some reasons for 
preparation of CD derivatives. 
1.3.3 Cyclodextrin-Containig Inclusion Compounds  
 
Lots of interest has been focused on preparing inclusion complexes of cyclodextrin and 
conducting polymers. Such inclusion complexes have shown high potential either in 
theory or in application. Firstly, studying encapsulated conducting polymers help to 
understand the mechanisms of conduction while the macromolecular chains are isolated 
by cyclodextrines. Secondly, protection of the conducting polymer from atmospheric and 
other types of chemical attack is also offered and thermal and mechanical properties can 
be greatly enhanced. Thirdly, if these are nanowires, molecular electronics can be 
realized, that is, if the polymer is housed in a regular array of voids such as provided by 
cyclodextrin, it offers a way of addressing individual molecules.  
1.3.3.1 Formation 
 
CDs with a hydrophobic internal cavity and a hydrophilic exterior due to the presence of 
hydroxyl groups have the ability to form inclusion complexes with guest molecules. It is 
noteworthy that the guest molecule size must be able to fit inside the cavity of the CDs 
[68]. This has led to considerable interest in the role of the reactions of guest molecules. 
Small molecules normally form 1:1 inclusion compounds. In such an inclusion 
compound, one CD ring includes one guest. It is also possible, that the guest is only 
partly included by one cyclodextrin. This is the case when molecules larger than the 
cavity have to be included. When the molecule is even larger also 2:1 and other types of 
inclusion compounds can be formed. It must be emphasized that the phenomenon of CD 
inclusion compound formation is a complicated process and in reality there are many 
factors that play a role [65]. This is illustrated by the fact that not only a polar compound 
can be included but also acids, amides, small ions and even rare gases [69]. 




The beneficial modification of guest molecular properties after formation of an inclusion 
compound leads to a large number of applications related to pharmaceutical chemistry, 
food technology, analytical chemistry, chemical synthesis and catalysis and enzyme 
models [64, 66, 70]. Stabilization of labile compounds and long-term protection of color, 
odor and flavor represent some of the possible applications in these areas [64, 66, 67]. 
1.3.3.3 Detection of Inclusion Compounds 
 
Inclusion compounds can be detected by a variety of spectrometric methods like X-ray 
diffraction and proton nuclear magnetic resonance spectroscopy (1H-NMR). The most 
direct evidence for the inclusion of a guest into the CD cavity in solution can be obtained 
by 1H-NMR spectroscopy. In the presence of a guest the chemical shifts for the protons 
attached to C3 and C5 move significantly up field in the 1H-NMR spectrum. The 
magnitude of the shifts increases slightly on going from α-CD to β-CD and dramatically 
on going to γ-CD. Additionally the shift for the C5 protons is larger, than for the C3 
protons due to the rigid conical shape of the CDs. On the other hand the C1, C2, C4 
protons located at the exterior of the cavity, shows only a marginal up field shift [62]. 
Usually, the 1H-NMR signals of the included guest molecules shift downfield compare to 
the free molecules [70, 71]. In the 1H-NMR spectra of inclusion compounds the signals of 
the guests are significantly broadened. Except for magnetic properties of the protons, also 
other physicochemical properties of the guest molecules are varied upon inclusion 
complexation. Among other the electronic absorption, fluorescence, phosphorescence and 
optical rotation properties for the guest molecules are more or less varied as a result of 
incorporation into a CD cavity [72-74]. Also, other techniques such as thermal analysis 
have been used in the study of inclusion compounds [75-76]. 
1.3.4 Cyclodextrin Functionalization 
 
A hydrophilic exterior, formed by two rims of hydroxyl groups surrounds the 
hydrophobic molecular cavity. Various functional groups can covalently be attached to 
the hydroxyl groups [77-78]. When the hydroxyl groups are modified, the complexation 
behavior of CDs can be altered and the relatively low water-solubility of β-CD can be 
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enhanced. Complexation with functionalized CDs can take place in organic solvents since 
many of the functionalized CDs are soluble in organic solvents.  
1.3.5. Cyclodextrin Threaded on Polymer Chain 
 
The inclusion of hydrophobic guest molecules inside the cavity of CDs is mainly driven 
by hydrophobic interactions between host and guest. Some polymers like PPy are 
hydrophobic and so it was attempted to obtain pseudo-polyrotaxanes composed of CDs 
and polymer chains (Fig. 7). There are two methods for obtaining pseudo-polyrotaxanes 
composed of a polymer chain and CDs. The first method is the in situ formation of the 
pseudo-polyrotaxanes by polymerization of a monomer complexed inside CDs. The first 
report about pseudo-polyrotaxanes composed of CDs and polymers used this in situ 
























Figure 7 Cyclodextrines threaded on polymer chain. 
 
The pseudo-polyrotaxanes were obtained by radiation polymerization of crystalline 
monomeric inclusion compounds consisting of vinylidene chloride and β-CD. The 
product contained molecules of β-CD and vinylidene chloride polymer. Because of the 
high stability of the system, non-chemical linkage between polymer and β-CD molecules 
was expected. However, the possibility of chemical bonds was not excluded. Covalent 
bonds could be formed in grafting or in chain transfer to the β-CD molecule. Nowadays it 
is known, no covalent bonds exist in the product obtained and the product is a pseudo-
polyrotaxane composed of CDs and polymer. Also other monomer inclusion compounds 
were polymerized [80], however, the products obtained were unstable and polymers 
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dissociated when purified with hot water [80-81]. The polymerization of CD inclusion 
compounds in order to obtain conjugated pseudo-polyrotaxanes has studied [82-83]. 
Several reports have focused on inclusion complex formation between polyaniline and β-
cyclodextrin [84-87]. In other works, the group of Lacaze used CD complexes to increase 
the solubility of a thiophen monomer. These monomer complexes were then polymerized 
electrochemically [88-89]. The anodic electropolymerization of the BT-β-HPCD complex 
has been performed in aqueous medium under galvanostatic or potentiodynamic 
conditions [90]. Furthermore, Temsamani and coworkers [91] have reported the synthesis 
of stable polymer films from pyrrole and sulfonated-β-cyclodextrin complex. The 
synthesis and characterization of a polypyrrole-β-cyclodextrin (PPy-β-CD) film at a 
glassy carbon (GC) electrode surface have also been reported [92]. Bouchata et al. [93] 
have reported the synthesis and characterization of polypyrrole-γ-cyclodextrin (PPy-γ-
CD) at a gold electrode by simple electropolymerization of a 1:1 mixture of γ-
cyclodextrin and pyrrole monomer in aqueous solutions.  
The second method for obtaining pseudo-polyrotaxanes composed of CD and polymer is 
threading CDs on preformed polymer. The formation of pseudo-rotaxanes composed of 
α-cyclodextrin and poly(ethylene glycol) was the first report on threading CDs on 
polymers [94]. The pseudo-polyrotaxanes formed between β-CD and poly(ethylene 
glycol) do not form a precipitate. It, however, does form high molecular weight pseudo-
polyrotaxanes with poly(propylene glycol), which has methyl groups substituted to the 
poly(ethylene glycol) chain. A precipitate is obtained when poly(propylene glycol) is 
added to a saturated aqueous solution of β-CD. β-CD forms insoluble pseudo-
polyrotaxanes when the average molecular weight of poly(propylene glycol) is higher 
than 400 gr mol-1. Pseudo-polyrotaxanes are obtained most quantitively, when the 
molecular weight is about 1000 g.mol-1, the yield decreases when the average molecular 
weight of the poly(propylene glycol) increases. The γ-CD also forms insoluble pseudo-
polyrotaxanes with poly(propylene glycol) in high yields even when the molecular 
weight of poly(propylene glycol) is low. It also forms insoluble pseudo-polyrotaxanes 
with polyisobutene and poly(methyl vinyl ether) in high yields.  
The inclusion compounds mentioned before are obtained as precipitates in aqueous 
solution so the pseudo-polyrotaxanes are insoluble in water [94-95], however, water 
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soluble pseudo-polyrotaxanes can also be formed [95, 96-97]. These soluble pseudo-
polyrotaxanes allowed the investigation of kinetics of the threading process [96, 98]. 
Threading of CDs on the polymer can take place along the main chain. When the polymer 
has side chains, however, also these side chains can be included [98-99]. 
1.3.6 Cyclodextrin Molecular Tubes  
 
Some important rod like structures involving CDs such as rotaxanes, and CD threaded 
onto polymer and polyrotaxanes are reported in literature [100-104]. There is one other 
very interesting rod like structure, which is called nanotubular structure [102, 103, 105].  
Several different CD-containing compounds are called “nanotubes” in the literature. One 
type of CD “nanotubes” described in the literature, are “nanotubes” obtained from γ-CD 
[102]. The γ-CD is threaded onto α, ω-diphenylpolyenes. However, the term tube is not 
completely correct, since the γ-CD is not linked together. It is a supramolecular structure 
belonging to the group of CDs threaded on polymers described above (see 1.3.5). The γ-
CD is lined up along the axis of the polyene so close-packed hydrogen-bonding 
interactions between the rim hydroxyl groups of neighboring γ-CD are favored. Because 
the polyenes penetrate the cavities of neighboring γ-CD, the superstructure is stabilized 
by van der Wals interactions. Another nanotube structure was described [106]. In this 
structure β-CDs adsorbed on gold surface, aligned in channels. The simplest way to 
synthesize a real tube in which the cyclodextrines are linked together is by first 
synthesizing a polyrotaxane in which the CDs are close-packed on the polymer chain 
[103]. Then the adjacent CDs in the polyrotaxane can be cross-linked to create the 
nanotubes [103]. Finally, the bulky ends of the template polymer can be removed, and an 
empty tube is obtained. These tubes are expected to be able to complex host molecules in 
an identical manner as single CDs can form inclusion compound with small molecules.  
1.4 Aim and Scope 
 
Spectroelectrochemistry of heteroatom-containing intrinsically conducting polymers 
synthesized via encapsulated monomers will be studied by selecting the pyrrole and two 
derivatives N-methylpyrrole (NMPy) and 3-methylpyrrole (3MPy) as monomers and 2, 
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6-dimethyl-β-cyclodextrin (β-DMCD) as supramolecular capsule. Host-guest 
complexation will be performed by using the ratio of 1:1 (mole-mole) compounds of β-
DMCD with Py, NMPy and 3MPy, respectively; in methanol solution (Fig. 8) and then 
all complexes will characterized with proton NMR spectroscopy. In addition, the solution 
of monomers and complexes (solvent: methanol) will be characterized by thin-layer 
chromatography (TLC) technique for identifying compounds and determining their purity 





































Figure 8 Host - guest complexation, without any covalent bonds being formed prior to 
the electropolymerization step, cyclodextrin being the host, pyrrole, N-methylpyrrole and 
3-methylpyrrole, respectively; being the guest. 
 
The cavity diameter of β-cyclodextrin (see 1.3.2) is large enough to serve as host site for 
monomer molecules such as pyrrole and some substituted pyrroles [107]. It is noteworthy 
to mention that the complexation by CDs influences the electrochemical response of the 
electroactive guest [108]. For electropolymerization of PPy, PNMPy, P3MPy, P(Py-β-
DMCD), P(NMPy-β-DMCD) and P(3MPy-β-DMCD), three monomer (Py, NMPy and 
3MPy) and three complexes Py-β-DMCD, NMPy-β-DMCD and 3MPy-β-DMCD will be 
used in aqueous and nonaqueous solution respectively. However, the 
electropolymerization of 3MPy and 3MPy-β-DMCD complex will be performed in 
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nonaqueous solution. In reality, the main goal of this investigation is to analyse the role 
of β-DMCD molecules in the electrochemical and spectroelectrochemical properties, 
optical absorption and the resistance of PPy, PNMPy and P3MPy films in two different 
media. It is of interest to elucidate the presence of β-DMCD in the resulting polymer 
films and to determine whether the polymer chains are encapsulated by β-DMCD 
molecules in order to form partially separated conducting threads. 
In this study also, the role of methyl group at the N-position and the β-position of pyrrole 
on electrochemical properties will be investigated. In addition the effect of the solvent on 









2.1 Materials  
2.1.1. Monomers, Electrolyte and Cyclodextrin 
 
Pyrrole and N-methylpyrrole were obtained from Aldrich Company, and both were 
distilled prior to use. 3-methypyrrole was obtained from Sigma Company. LiClO4 used as 
electrolyte (Heraeus, Germany) was dried under vacuum. 2,6-dimethyl-β-Cyclodextrin 
(Wacker Chemie, Burghausen, Germany) was used as received. 
2.1.2 Preparation of (Pyrrole-Cyclodextrin) Complex 
 
A (1:1) (mole-mole) pyrrole-2,6-dimethyl-β-cyclodextrin solutions were prepared by 
mixing 69.1 µL (1mmole) of pyrrole and 1.33 g (1mmole) β-DMCD in 5 mL methanol 
solution. The formed Py-β-DMCD complex was isolated by removing the methanol in a 
rotary evaporator. 
2.1.3 Preparation of (N-methylpyrrole-cyclodextrin) Complex 
 
A (1:1) (mole-mole) N-methylpyrrole-2,6-dimethyl-β-cyclodextrin solutions was 
prepared by mixing 88.7 µL (1mmole) of N-methylpyrrole and 1.33 g (1mmole) β-
DMCD in 5 mL methanol solution. The NMPy-β-DMCD complex formed was isolated 
by removing the methanol in a rotary evaporator. 
2.1.4 Preparation of (3-methylpyrrole-cyclodextrin) Complex 
 
A (1:1) (mole-mole) 3-methylpyrrole-2,6-dimethyl-β-cyclodextrin solutions was prepared 
by mixing 88.0 µL (1mmole) of 3-methylpyrrole and 1.33 g (1mmole) β-DMCD in 5 mL 
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methanol solution. The 3MPy-β-DMCD complex formed was isolated by removing the 
methanol in a rotary evaporator. 
2.1.5 Solvents 
 
Methanol (Aldrich Company) and acetonitrile (Merck LiChrosolv, water content as 
determined by Karl Fischer method < 0.05 % (wt/wt)) were used as received and kept 
over molecular sieve.  
2.1.6 Electrodes 
 
For cyclic voltammetry (CV) and in situ SERS a gold electrode (99.99%, Schiefer, 
Hamburg-area ~0.4 cm2) embedded in epoxy ARALDIT D/HY 956 (Ciba special 
chemicals) was used. For UV-Vis spectroscopy an ITO coated glass sheet (Merck, R = 20 
Ω cm-2) was used. In situ resistance measurements were performed by using a two band 
gold electrode setup described elsewhere [109]. A gold sheet served as counter electrode. 
A silver/silver chloride (Ag/AgCl) and a saturated calomel electrode (SCE) were used as 
reference electrodes for nonaqueous and aqueous solution, respectively. The potential of 
the Ag/AgCl reference electrode was verified frequently with respect to the aqueous 
saturated calomel electrode because the employed nonaqueous reference electrode system 
is prone to potential drifts [110]. 
2.2 TLC Measurements  
Thin-layer chromatography (TLC) is a very commonly used technique in synthetic 
chemistry for identifying compounds, determining their purity and following the progress 
of a reaction. It also permits the optimization of the solvent system for a given separation 
problem. As we know, the retention factor or Rf in chromatography is a concept which is 
defined as the distance traveled by the compound divided by the distance traveled by the 
solvent. The clear solution of monomers (Py, NMPy and 3MPy) and complexes Py-β-
DMCD, NMPy-β-DMCD and 3MPy-β-DMCD were characterized by measuring the Rf-
values for support the identity of a compound in a mixture when the Rf of a compound is 
compared with the Rf of a known compound (preferably both run on the same TLC 
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plate). The Rf-values (solvent: methanol) for Py, NMPy and 3MPy are found 0.69, 0.66 
and 0.90 and for complexes Py-β-DMCD, NMPy-β-DMCD and 3MPy-β-DMCD are 
0.53, 0.46 and 0.73, respectively. 
2.3 Electrochemical Synthesis of Polymers in Aqueous Solution  
2.3.1 Electrosynthesis of PPy and P(Py-β-DMCD) Films 
 
0.05 M Py-β-DMCD complex solution was prepared by dissolving 1.74 g (1.25 mmole) 
solid Py-β-DMCD complex in 25 mL of a 0.1 M LiClO4 aqueous solution. After 
vigorous mixing and nitrogen purging (10 min) potentiodynamic synthesis was 
performed by electrode potential cycling in the range of -0.20 < ESCE < 1.80 V at a scan 
rate of 50 mV s-1. The electrosynthesis was stopped after 40 cycles. The PPy film was 
prepared in a similar way. The electropolymerization medium was 69.1 µL of the 
monomer in 25 mL of 0.1 M LiClO4 aqueous solution. 
2.3.2 Electrosynthesis of PNMPy and P(NMPy-β-DMCD) Films 
 
0.05 M NMPy-β-DMCD complex solution was prepared by dissolving 1.77 g (1.25 
mmole) solid NMPy-β-DMCD complex in 25 mL of a 0.1 M LiClO4 aqueous solutions. 
After vigorous mixing and nitrogen purging (10 min) potentiodynamic synthesis was 
performed by electrode potential cycling in the range of -0.20 < ESCE < 0.70 V at a scan 
rate of 50 mV s-1. The PNMPy film was prepared in a similar way. The 
electropolymerization medium was 88.7 µL of the monomer in 25 mL of 0.1 M LiClO4 
aqueous solution. 
2.4 Electrochemical Synthesis of Polymers in Nonaqueous Solution  
2.4.1 Electrosynthesis of PPy and P(Py-β-DMCD) Films 
 
0.05 M Py-β-DMCD complex solution was prepared by dissolving 1.74 g (1.25 mmole) 
solid Py-β-DMCD complex in 25 mL of a solution of acetonitrile + 0.1 M LiClO4. After 
vigorous mixing and nitrogen purging (10 min) potentiodynamic synthesis was 
performed by electrode potential cycling in the range of -0.40 < EAg/AgCl < 0.90 V at a 
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scan rate of 50 mV s-1. The electrosynthesis was stopped after 40 cycles. The polypyrrole 
film was prepared in a similar way. Electropolymerization medium was 69.1 µL of the 
monomer in 25 mL of a (acetonitrile + 0.1 M LiClO4) nonaqueous solutions. 
2.4.2 Electrosynthesis of PNMPy and P(NMPy-β-DMCD) Films 
 
0.05 M NMPy-β-DMCD complex solution was prepared by dissolving 1.77 g (1.25 
mmole) solid NMPy-β-DMCD complex in 25 mL of a (acetonitrile + 0.1 M LiClO4) 
nonaqueous solutions. After vigorous mixing and nitrogen purging (10 min) 
potentiodynamic synthesis was performed by electrode potential cycling in the range of -
0.20 < EAg/AgCl < 0.90 V at a scan rate of 50 mV s-1. The PNMPy film was prepared in a 
similar way. The electropolymerization medium was 88.7 µL of the monomer in 25 mL 
of a (acetonitrile + 0.1 M LiClO4) nonaqueous solutions. 
2.4.3 Electrosynthesis of P3MPy and P(3MPy-β-DMCD) Films 
 
0.038 M 3MPy-β-DMCD complex solution was prepared by dissolving 1.33 g solid 
3MPy-β-DMCD complex in 25 mL of a (acetonitrile + 0.05 M LiClO4) nonaqueous 
solutions. After vigorous mixing and nitrogen purging (10 min) potentiodynamic 
synthesis was performed by electrode potential cycling in the range of -0.20 < EAg/AgCl < 
1.10 V at a scan rate 50 mV s-1. The P3MPy film was prepared in a similar way. The 
electropolymerization medium was 76.9 µL of the monomer in 25 mL of a (acetonitrile + 
0.05 M LiClO4) nonaqueous solutions. 
2.3 Electrochemical and Spectroelectrochemical Characterisation 
Technique 
2.5.1 Cyclic Voltammetry  
 
Cyclic voltammetry (CV) was used as the principle electrochemical characterisation 
method for all polymers, and was performed using a custom-built potentiostat interfaced 
with a standard PC via an ADDA-converter operating with custom-developed software. 
Typically, the potential was cycled at 50 mV s-1 or 100 mV s-1. 
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2.5.2 In Situ UV-Vis Spectroelectrochemical Measurements 
 
UV-Vis-spectra were recorded with a PC-driven Shimadzu UV-2101PC scanning 
spectrophotometer, operating in the fast scan mode. This allows a spectrum between 300 
and 900 nm to be recorded within ca. 25 s. Spectroelectrochemical experiments were 
done in a quartz cuvette with a 1 cm path length and with an optically transparent 
working electrode, installed perpendicular to the light path and a counter electrode 
consisting of a platinum wire. A silver/silver chloride and saturated calomel were used as 
reference electrodes for nonaqueous and aqueous solutions, respectively. As a working 
electrode, indium-doped tin oxide (ITO) coated glass plates with a specific surface 
conductivity of a ca. 10 Ω/square was used. Before experiments, ITO glass working 
electrodes were degreased with acetone and rinsed with plenty of water. For every series 
of experiments, a new ITO glass electrode was used. For aqueous medium in the 
reference channel of the spectrometer, a quartz cuvette filled with 0.1 M LiClO4 solution 
containing an ITO glass electrode was placed and for nonaqueous medium in the 
reference channel of the spectrometer, a quartz cuvette filled with acetonitrile + 0.1 M 
LiClO4 containing an ITO glass electrode without any polymer film was placed. 
2.5.3 In Situ SERS Measurements 
 
SERS spectra were recorded on an ISA T64000 spectrometer connected to a spectraview 
2D CCD detection system. The spectra were recorded using λ = 647.1 nm exciting laser 
light from Kr+ ion laser provided by Coherent Innova 70 Series ion lasers. The laser 
power was measured at laser head with a Coherent 200 power meter. Roughening of the 
gold electrode (polycrystalline 99.99%, polished down to 0.3 µm Al2O3) employed to 
confer SERS activity was performed in a separate cell with an aqueous solution of 0.1 M 
KCL by oxidation-reduction cycles (ORC) treatment between ESCE = -0.28 to ESCE = 1.22 





2.5.4 Nuclear Magnetic Resonance Spectroscopy 
 
Nuclear Magnetic Resonance spectroscopy is a powerful and theoretically complex 
analytical tool. In this work 1H-NMR spectra were recorded at a Bruker Avance 400 
(MHz) spectrometer in CDCl3. Chemical shifts (δ) are reported in parts per million (ppm) 
downfield from TMS. For the shift of CD protons, the local maximum of the 
corresponding proton was used. Values in brackets are given for the corresponding non-
complexed compound. The subscripts of carbons indicate different carbons (see Fig. 5 
and 8). 
 
Py-DM-β-CD complex: δ = 6.57 (Py, C1-H), δ = 6.10 (Py, C2-H), δ = 3.27 [δ = 3.24] 
(DM-β-CD, C6-O-CH3), δ = 3.45 [δ = 3.44] (DM-β-CD, C2-O-CH3), δ = 3.82 [δ = 3.89] 
(DM-β-CD, C5-H), δ = 3.56 [δ = 3.61] (DM-β-CD, C3-H), δ = 4.98 [δ = 4.96] (DM-β-
CD, C1-H). 
NMPy-DM-β-CD complex: δ = 6.79 (NMPy, C1-H), δ = 6.21 (NMPy, C2-H), δ = 3.55 
(NMPy, N-CH3), δ = 3.26 [δ = 3.24] (DM-β-CD, C6-O-CH3), δ = 3.45 [δ = 3.44] (DM-β-
CD, C2-O-CH3), δ = 3.85 [δ = 3.89] (DM-β-CD, C5-H), δ = 3.55 [δ = 3.61] (DM-β-CD, 
C3-H), δ = 4.98 [δ = 4.96] (DM-β-CD, C1-H). 
3MPy-DM-β-CD complex: δ = 6.53 (3MPy, C1-H), δ = 1.98 (3MPy, C2-CH3), δ = 6.69 
(3MPy, C3-H), δ = 6.03 (3MPy, C4-H), δ = 3.28 [3.24] (DM-β-CD, C6-O-CH3), δ = 3.44 
[δ = 3.44] (DM-β-CD, C2-O-CH3), δ = 3.84 [δ = 3.89] (DM-β-CD, C5-H), δ = 3.56 [δ = 
3.61] (DM-β-CD, C3-H), δ = 4.97 [δ = 4.96] (DM-β-CD, C1-H). 
 
The 1H-NMR results are in good agreement with work reported elsewhere [74].  
2.5.5 FT-IR Measurements 
 
For FT-IR measurements, the polymer films were peeled off from the electrode surface, 
washed with plenty of deionized water and then dried at 100 
o
C. FT-IR spectra were 
recorded with a Perkin Elmer FT-IR 1000 spectrophotometer. The measured samples 
were prepared using KBr disk technique. 
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2.6 In Situ Resistance Measurements 
 
For in situ resistance measurements in nonaqueous solution, a double-band gold electrode 
[109, 112], a gold sheet electrode, and Ag/AgCl in acetonitrile were used as the working, 
counter, and reference electrodes, respectively. Polymers were synthesized with 
electropolymerization method onto a gold double-band electrode prior to the 
measurements in nonaqueous solution. A dc voltage of 10 mV was applied to the double-
band electrode (gap between the two strips is ~0.05 mm). The current flowing across the 
band was measured with an I/V converter with an amplification factor (Fac) ranging 
from 102 to 106. The film resistance Rx (ohm) is related to the measured voltage Ux and 
the amplification factor Fac according to: 
Rx = (0.01×Fac)/Ux
Electrode potential was increased stepwise by 100 mV and after approximately 5 min the 
electrochemical cell was cut off from the potentiostat. Resistance measurements were 
carried out in acetonitrile containing 0.1 M LiClO4 as supporting electrolyte. In situ 
resistance measurements in aqueous solution performed under the same conditions, but a 
SCE was used as the reference electrode and polymers were synthesized with 
electropolymerization method onto a gold double-band electrode prior to the 
measurements in aqueous solution. In this case, resistance measurements were carried out 
in aqueous solution containing 0.1 M LiClO4 as supporting electrolyte.  
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3.1 Cyclic Voltammetry  
3.1.1 Electrosynthesis of PPy and P(Py-β-DMCD) in Aqueous Solution 
 
The electropolymerization of pyrrole and pyrrole-cyclodextrin complex in aqueous 
solution was carried out by cycling the potential between ESCE = -0.20 V and different 
upper potential limits ESCE = 1.00, 1.20, 1.40, 1.60 and 1.80 V. Although polymerization 
was observed, and films were deposited on the electrode surface when the upper potential 
limits were ESCE = 1.00, 1.20, 1.40 and 1.60 V, no differences were observed in the 
characteristics of films prepare either from pyrrole and pyrrole-cyclodextrin. However 
when the upper potential was extended to ESCE = 1.80 V differences were observed both 
during the electropolymerization and also in the CVs of the deposited films. Therefore, 
this potential was selected for the electrosynthesis of PPy and P(Py-β-DMCD) as also 
reported by several authors for the electrosynthesis of PPy, PPy-sulfated-β-CD [91] and 
PPy, PPy-γ-CD films [93]. CVs recorded during PPy and P(Py-β-DMCD) 
electrosynthesis in 0.1 M LiClO4 at a gold electrode in aqueous electrolyte solution are 
compared in Fig. 9. 
The first large oxidation peak of pyrrole (Fig. 9a) and pyrrole-cyclodextrin complex (Fig. 
9b) occurred at 0.80 < ESCE < 1.00 V and 0.90 < ESCE < 1.10 V, respectively. This implies 
that the presence of cyclodextrin has some inhibiting effect on the oxidation of pyrrole. 
This difference in the oxidation behavior may also affect the growth behavior of the 
polymer on the electrode surface. The oxidation peak for PPy shifts to ESCE = 1.30 V 
during further oxidative polymerization. In contrast, for P(Py-β-DMCD) (Fig. 9b) the 
oxidation peak occurs at ESCE = 1.50 V during further oxidative polymerization.  
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Figure 9 CVs during formation of (a) PPy film (40 cycles) in aqueous solution 
containing 0.1 M LiClO4 and 0.1 M Py, at a gold electrode, and (b) P(Py-β-DMCD) film 
(40 cycles) in aqueous solution containing 0.1 M LiClO4 and 0.05 M (Py-β-DMCD), at a 
gold electrode. Scan rates was 50 mV s-1. 
 
CVs of PPy and P(Py-β-DMCD) films, in monomer free background electrolyte solution 
are shown in Fig. 10. Apparently the CVs seem to be of the same nature. Nevertheless, 
differences can be observed especially in the position of the oxidation peaks. In case of 
PPy the oxidation peak is located at ESCE = 1.32 V while for P(Py-β-DMCD) the peak can 
be observed at ESCE = 1.52 V. There is a shift of the oxidation peak by 0.20 V. This 
means that the presence of cyclodextrin not only increases the oxidation potential of 
pyrrole (Fig. 9a) but also affects the properties of the resulting polymer film in a similar 
manner (Fig. 10). 
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Figure 10 CVs of a gold electrode coated with PPy (solid line) and P(Py-β-DMCD) 
(dashed line) in 0.1 M LiClO4 aqueous solution. Scan rate was 50 mV s-1. 
 
3.1.2 Electrosynthesis of PNMPy and P(NMPy-β-DMCD) in Aqueous 
Solution 
 
Initial CVs of a gold electrode in an aqueous solution of NMPy and NMPy-β-DMCD 
complex with 0.1 M LiClO4 in the potential range from - 0.20 < ESCE < 0.70 V and in 
blank solution from - 0.20 < ESCE < 1.10 V are displayed in Fig. 11. In the first cycle 
there is a steep current increase at about ESCE = 0.6 V in the positive going scan. In the 
negative going scan trace crossing occurred for NMPy monomers at ESCE = 0.59 V. This 
has been assigned to nucleation overpotential [113-115]. Alternatively it has been 
suggested that trace crossing may be due to a local increase in concentration of oligomers 
easier to oxidize (i.e. at lower electrode potentials) close to the electrode. More recently 
this phenomenon has been attributed to a comproportionation reaction between 
oligomeric reaction products and starting monomer molecules at the solution/metal 
interface [116]. 
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Figure 11 CVs of a gold electrode in an aqueous solution of 0.05 M NMPy + 0.1 M 
LiClO4 (solid line), 0.05 M NMPy-β-DMCD complex + 0.1 M LiClO4 (dashed line), - 
0.20 < ESCE < 0.70 V and 0.1 M LiClO4 (dot line), - 0.20 < ESCE < 1.10 V. Scan rate was 
50 mV s-1. 
 
No trace crossing was obtained for NMPy-β-DMCD complex, this may be due to the fact 
that NMPy was encapsulated in CD and may be actually due to overall slower reaction 
(as already indicated by the slightly lower anodic current at somewhat higher electrode 
potentials) resulting in lower concentrations of reactive species. The cyclic 
voltammograms of the gold electrode in aqueous lithium perchlorate solution and in 
different range of potential from ESCE = -0.20 to ESCE = 0.75, 0.80 and 0.90 V in the 
absence of monomer show no oxidation/reduction. However, with increasing the upper 
potential limit up to ESCE = 1.10 V, a rising anodic current around ESCE = 1.05 V 
associated with the formation of gold oxide at the electrode surface and a corresponding 
negative one around ESCE = 0.85 appear (see Fig. 11).  
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With a higher anodic potential limit ESCE = 0.82 V at otherwise the same conditions the 
trace crossing occurred at ESCE = 0.55 and 0.71 V for NMPy and NMPy-β-DMCD 
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Figure 12 CVs of a gold electrode in solution of (a) NMPy and (b) NMPy-β-DMCD 
complex in 0.1 M LiClO4 aqueous solution from -0.20 < ESCE < 0.82 V at scan rates of 50 
mV s-1. 
 
The disappearance of the difference in behavior supports the suggested explanation: at 
higher anodic potentials overall oxidation rates are higher resulting in higher 
concentrations of reactive species both in the absence and the presence of CD. In case of 
NMPy-β-DMCD complex the observed currents show considerable variations between 
experimental runs, currently no explanation is available. 
CVs obtained during electropolymerization of NMPy and NMPy-β-DMCD complex in 
0.1 M LiClO4 aqueous solution from -0.20 < ESCE < 0.70 V are presented in Fig. 13.  
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A steady state is observed for PNMPy film after about 32 cycles around ESCE = 0.40 V 
(Fig. 13a). The same behavior was observed after about 22 cycles for P(NMPy-β-DMCD) 
film (Fig. 13b).  
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Figure 13 CVs during formation of (a) PNMPy (32 cycles) in NMPy in 0.1 M LiClO4 
aqueous solution from -0.20 < ESCE < 0.70 V at a gold electrode, and (b) P(NMPy-β-
DMCD) (22 cycles) in NMPy-β-DMCD complex in 0.1 M LiClO4 aqueous solution from 
-0.20 < ESCE < 0.70 V at a gold electrode. Scan rates was 50 mV s-1. 
 
The scan rate dependencies of CVs of PNMPy and P(NMPy-β-DMCD) films at a gold 
electrode in an aqueous solution of 0.1 M LiClO4 from - 0.20 < ESCE < 0.70 are displayed 
in Fig. 14. It is noteworthy that oxidation of PNMPy and P(NMPy-β-DMCD) films occur 
at ESCE = 0.36 and 0.47 V at a scan rate 100 mV s-1, respectively. The difference in 
oxidation potentials (∆E = 0.11 V), i.e. the increased irreversibility of the redox process, 
must be due to the action of CD as a host during the electropolymerization of the polymer 
film. CV measurements performed after several days of storage in deionized water show 
no change in the PNMPy and P(NMPy-β-DMCD) films voltammograms. 
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Figure 14 Scan rate dependencies of CVs in aqueous solution with 0.1 M LiClO4 for (a)  
PNMPy and (b) P(NMPy-β-DMCD) films, - 0.20 < ESCE < 0.70 V. PNMPy film prepared 
from 0.05 M NMPy in 0.1 M LiClO4 aqueous solution and P(NMPy-β-DMCD) films 
prepared from 0.05 M NMPy-β-DMCD complex in 0.1 M LiClO4 aqueous solution. Scan 
rate was (1) 20, (2) 40, (3) 60, (4) 80 and (5) 100 mV s-1, respectively. 
 
3.1.3 Electrosynthesis of PPy and P(Py-β-DMCD) in Nonaqueous 
Solution 
 
Electropolymerization was carried out in acetonitrile in order to analyze the effect of the 
solvent on the behavior of both pyrrole and the (pyrrole-cyclodextrin) in the 
polymerization process and on the behavior of the respective polymers. According to our 
knowledge the use of acetonitrile with around 1 to 2 wt % of water also results in redox 
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active and conducting PPy films [117-118]. Anyway in this study, the effect of the water 
content was of no interest, thus a solvent with minimum amount of water was used. The 
growth of PPy and P(Py-β-DMCD) in acetonitrile in the range of -0.40 < EAg/AgCl < 0.90 
V is shown in Fig. 15.  
 































Figure 15 CVs during formation of (a) PPy film (40 cycles) in acetonitrile containing 0.1 
M LiClO4 and 0.1 M pyrrole at a gold electrode, and P(Py-β-DMCD) film (40 cycles) in 
acetonitrile 0.1 M LiClO4 and 0.05 M Py-β-DMCD complex at a gold electrode. Scan 
rates was 50 mV s-1. 
 
In this system no clear shift in the oxidation potential can be seen. The only observable 
difference is in the shape of the oxidation peak. In case of PPy electrosynthesis the 
oxidation peak is observed at EAg/AgCl = 0.30 V. With P(Py-β-DMCD) there is a plateau 
extending between 0.30 and 0.60 V (see Fig. 16). These observations clearly demonstrate 
the interaction of cyclodextrin with pyrrole monomers as well as its interactions in the 
electropolymerization product. The encapsulation of pyrrole monomers into cyclodextrin 
makes the oxidation of pyrrole more difficult conceivably by hindering the electron 
transfer from the pyrrole unit to the gold electrode. Similarly the shift of the oxidation 
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peak of P(Py-β-DMCD) by 0.20 V towards positive potentials as compared to PPy might 
be attributed to the presence of cyclodextrin units in the form of a shield around PPy 
chain in P(Py-β-DMCD).  
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Figure 16 CVs of a gold electrode coated with PPy (solid line) and P(Py-β-DMCD) 
(dashed line) in a blank solution of acetonitrile + 0.1 M LiClO4. Scan rate was 50 mV s-1. 
 
The slight shift of the oxidation peak for P(Py-β-DMCD) in aqueous (part 3.1.1) and 
nonaqueous (acetonitrile) solutions compared to PPy may be a result of the hydrophobic 
pyrrole partly or entirely included in the CD hydrophobic interior cavity.  
 
3.1.4 Electrosynthesis of PNMPy and P(NMPy-β-DMCD) in 
Nonaqueous Solution 
 
CVs of NMPy and NMPy-β-DMCD complex at a gold electrode in a nonaqueous 
electrolyte solution (acetonitrile + 0.1 M LiClO4) from -0.20 < EAg/AgCl < 0.90 V at scan 
rates of 50 mV s-1 are displayed in Fig. 17. Like in aqueous solution (part 3.1.2), in the 
first cycles and negative going scan trace crossing occurred for NMPy monomers at 
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EAg/AgCl = 0.70 V. Around this potential no trace crossing was obtained for NMPy-β-
DMCD complex, this again means that the presence of cyclodextrin has some effect on 



















Figure 17 CVs of a gold electrode in solution of (a) NMPy and (b) NMPy-β-DMCD 
complex in acetonitrile + 0.1 M LiClO4 from -0.20 < EAg/AgCl < 0.90 V. Scan rate was 50 
mV s-1. 
 
CVs during electrosynthesis of PNMPy and P(NMPy-β-DMCD) are present in Fig. 18. 
Differences in oxidation potential and shape of the oxidation peak can be seen. PNMPy 
film grows on the electrode surface during the electropolymerization process and the 
oxidation occurs around EAg/AgCl = 0.50 V (Fig. 18a). In the case of P(NMPy-β-DMCD) 
film, the oxidation proceeds between EAg/AgCl = 0.40 and 0.80 V (Fig. 18b).  
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Figure 18 CVs during formation of (a) PNMPy film (60 cycles) in NMPy and 0.1 M 
LiClO4 nonaqueous solution (acetonitrile) at a gold electrode, and (b) P(NMPy-β-
DMCD) film (60 cycles) in NMPy-β-DMCD complex and 0.1 M LiClO4 nonaqueous 
solution (acetonitrile) at a gold electrode. Scan rates was 50 mV s-1. 
 
These observations clearly demonstrate the interaction of cyclodextrin with NMPy 
monomers during electropolymerization. The encapsulation of NMPy monomers into 
cyclodextrin cavity makes the oxidation of NMPy more difficult conceivably by 
hindering the electron transfer from the NMPy unit to the gold electrode. However, this 
inclusion dose not seem to inhibit the NMPy unit from polymerization. CVs of both 
films, in monomer free background electrolyte solution are shown in Fig. 19. Apparently 
the CVs seem to be of the same nature. Nevertheless, differences can be observed 
especially in the position of the oxidation peaks. In case of PNMPy the oxidation peak is 
located at EAg/AgCl = 0.53 V while for P(NMPy-β-DMCD) the peak can be observed at 
EAg/AgCl = 0.60 V. Like PPy and P(Py-β-DMCD) in blank nonaqueous solution (Fig. 16), 
a shift of the oxidation peak by about 0.07 V can be observed. This means that the 
presence of cyclodextrin not only increases the oxidation potential of N-methylpyrrole 
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(Fig. 17) but also affects the properties of the resulting polymer film in a similar manner 
(Fig. 19).  
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Figure 19 CVs of a gold electrode coated with PNMPy (solid line) and P(NMPy-β-
DMCD) (dashed line) in a blank solution of acetonitrile + 0.1 M LiClO4. Scan rate was 
50 mV s-1. 
 
3.1.5 Electrosynthesis of P3MPy and P(3MPy-β-DMCD) in Nonaqueous 
Solution 
 
As we know, the study of physical and electrochemical properties of P3MPy made them 
more interesting than the PNMPy in spite of the differences of monomer synthesis and 
the high sensitivity to atmospheric air of the neutral polymer.  
Initial CVs of a gold electrode in nonaqueous solution (acetonitrile + 0.05 M LiClO4) of 
3MPy and 3MPy-β-DMCD complex from -0.20 < EAg/AgCl < 1.10 V are displayed in Fig. 
20. The CVs are rather featureless; in both CVs no cathodic current can be seen. 
Oxidation products are either electrochemically inactive or are consumed resulting in 
further species which are also not electrochemically reducible. At the upper potential 
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limit the anodic current caused by the oxidation of 3MPy is considerably larger than the 
one observed with 3MPy-β-DMCD. Presumably, cyclodextrin has an inhibiting effect on 
the oxidation of 3MPy; it may also affect the growth of the polymer on the electrode 
surface. However, the inclusion did not seem to inhibit 3MPy from polymerization. 
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Figure 20 CVs of a gold electrode in solution of 3MPy (solid line) and 3MPy-β-DMCD 
complex (dashed line) in acetonitrile + 0.05 M LiClO4 from -0.20 < EAg/AgCl < 1.10 V at 
scan rates of 50 mV s-1. 
 
CVs obtained during electropolymerization of 3MPy and 3MPy-β-DMCD complex in 
acetonitrile + 0.05 M LiClO4 from -0.20 < EAg/AgCl < 1.10 V at scan rates of 50 mV s-1 are 
displayed in Fig. 21. The electropolymerization was carried out by cycling the potential 
between EAg/AgCl = - 0.20 V and different upper potential limits EAg/AgCl = 0.80, 0.90, 1.00 
and 1.10 V. In the case of P3MPy polymerization and deposition of a polymer were 
observed in all cases. However, deposition of P(3MPy-β-DMCD) was observed only if 
the upper potential limit was kept at 1.10 V. Thus, the latter value was selected as most 
suitable upper potential limit for the electropolymerization of 3MPy-β-DMCD. 
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Figure 21 CVs during formation of (a) P3MPy (100 cycles) in solution of 0.038 M 3MPy 
in acetonitrile + 0.05 M LiClO4 from -0.20 < EAg/AgCl < 1.10 V at a gold electrode, and 
(b) P(3MPy-β-DMCD) (100 cycles) in solution of 0.038 M 3MPy-β-DMCD complex in 
acetonitrile + 0.05 M LiClO4 from -0.20 < EAg/AgCl < 1.10 V at a gold electrode. Scan 
rates was 50 mV s-1. 
 
P3MPy and P(3MPy-β-DMCD) films grow on the electrode surface during the 
electropolymerization process and the oxidation peaks are observed around EAg/AgCl = 
0.46 V and 0.59 V during further oxidative polymerization up to 100 cycles. There are 
slight differences in the shape and position of peaks. CVs of both films, in monomer free 
background electrolyte solutions are shown in Fig. 22. At first glance the CVs appear 
similar. Nevertheless, differences can be observed especially in the position of the 
oxidation peaks. In case of P3MPy the oxidation peak is located at EAg/AgCl = 0.48 V 
while for P(3MPy-β-DMCD) the peak can be observed at EAg/AgCl = 0.63 V. The 
difference is approximately ∆E = 0.15 V.  
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Figure 22 CVs of a gold electrode coated with P3MPy (solid line) and P(3MPy-β-
DMCD)(dashed line) in a blank solution of acetonitrile + 0.05 M LiClO4. Scan rates was 
50 mV s-1. 
 
The slightly higher oxidation potential of the polymer prepared from the encapsulated 
monomer indicates an impeded oxidation presumably because of a slower electron 
transfer from the 3MPy unit to the gold electrode caused by the higher resistance (see 
part 3.2.3). This assumption is supported by the significantly higher redox peak potential 
difference observed with P(3MPy-β-DMCD). The results are in good agreement with 
previous work on the PPy and P(Py-β-DMCD) films in nonaqueous electrolyte solution 
(part 3.1.3). In case of the polymers studied here as well as those studied before no 
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3.2 In Situ Resistance Measurements 
3.2.1 PPy and P(Py-β-DMCD) Films in Aqueous and Nonaqueous 
Solution  
 
For in situ resistance measurements PPy and P(Py-β-DMCD) were deposited 
potentiodynamically by cycling the potentials from -0.20 < ESCE < 1.80 V in aqueous 
solution and from -0.20 < EAg/AgCl < 0.90 V in nonaqueous solution at 50 mV s-1, 
respectively, on a gold band gap electrode. The number of deposition cycles was the 
same for all samples enabling comparison between the films based on the assumption, 
that polymer yields are comparable. Fig. 23 shows the resistance behavior of PPy films in 
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Figure 23 Resistance vs. electrode potential data for (a) PPy prepared 
potentiodynamically by cycling the potential from -0.40 < EAg/AgCl < 0.90 V in LiClO4 
nonaqueous solution (from a solution 0.1 M Py in acetonitrile + 0.1 M LiClO4) in a 
solution of acetonitrile + 0.1 M LiClO4, and (b) PPy prepared potentiodynamically by 
cycling the potential from -0.20 < ESCE < 1.80 (from a solution 0.1 M Py in 0.1 M LiClO4 
aqueous solution) in a 0.1 M LiClO4 aqueous solution. 
 55
Results and discussion 
The resistance versus applied electrode potential plots for PPy films show a single 
resistance change with a lower stable resistance in acetonitrile as well as in aqueous 
solution. The resistance of PPy film decreases sharply by 4 orders of magnitude at 
EAg/AgCl = 0.00 V and then remains almost constant up to EAg/AgCl = 0.90 V in acetonitrile 
(Fig. 23a). In aqueous solution the change in resistance was observed at ESCE = 0.40 V, 
but the resistance was generally higher than PPy film in the acetonitrile solution by 1.40 
orders of magnitude (Fig. 23b). Minimum resistance can be observed in the range of 0.10 
< EAg/AgCl < 0.90 V (Fig. 23a) and 0.45 < ESCE < 1.80 V (Fig. 23b), respectively. Fig. 24 
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Figure 24 Resistance vs. electrode potential data for (a) P(Py-β-DMCD) prepared 
potentiodynamically by cycling the potential from -0.40 < EAg/AgCl < 0.90 V in LiClO4 
nonaqueous solution (from a solution of 0.05 M Py-β-DMCD complex in (acetonitrile + 
0.1 M LiClO4)) in a solution of acetonitrile + 0.1 M LiClO4, and (b) P(Py-β-DMCD) 
prepared potentiodynamically by cycling the potential from -0.20 < ESCE < 1.80 V in 
LiClO4 aqueous solution (from a solution of 0.05 M Py-β-DMCD complex in 0.1 M 
LiClO4 aqueous solution) in a 0.1 M LiClO4 aqueous solution. 
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As with PPy one change can be observed in the in situ resistance of P(Py-β-DMCD). 
However, the change amounts only to 2.7 and 3.4 orders of magnitude, respectively, as 
compared to PPy films. Minimum resistance can be observed in the range of 0.30 < 
EAg/AgCl < 0.90 V (Fig. 24a) and 0.20 < ESCE < 1.80 V (Fig. 24b), respectively.  
According to these observations the in situ films prepared in acetonitrile solution are less 
resistance than those synthesized in aqueous solution by approximately an order of 
magnitude. This might be due to a larger conjugation length of the polymer and better 
contact with the metal electrode in the former case [32]. However, the resistance of P(Py-
β-DMCD) was observed to be higher than of PPy in nonaqueous solvent which again 
might be due to the effect of cyclodextrin on the polymer film. 
 
3.2.2 PNMPy and P(NMPy-β-DMCD) Films in Aqueous and 
Nonaqueous Solution  
 
For in situ resistance measurements in aqueous solution, PNMPy and P(NMPy-β-
DMCD) films were deposited potentiodynamically by cycling the potential in the range -
0.20 < ESCE < 0.70 V in 0.1 M LiClO4 aqueous solution on a gold two-band electrode. 
Resistance versus applied electrode potential plots for PNMPy and P(NMPy-β-DMCD) 
in 0.1 M LiClO4 aqueous solution are displayed in Fig. 25a and b. Both films show two 
changes in resistance with the applied potential. When the applied potential is increased, 
the resistance of PNMPy (Fig. 25a) decreases sharply by about an order of magnitude at 
ESCE = -0.20 V, remains almost constant up to ESCE = 0.50 V and then increases slightly 
at ESCE = 0.55 V up to ESCE = 0.70 V. Minimum resistance can be observed in the range 
of 0.20 < ESCE < 0.55 V. In the case of P(NMPy-β-DMCD) (Fig. 25b), the resistance 
decreases by 0.90 orders of magnitude at ESCE = -0. 20 V and then increases at ESCE = 
0.45 V. Minimum resistance can be observed in the range of 0.30 < ESCE < 0.50 V. It is 
noteworthy that in both films resistance are high, however; higher resistance for 
P(NMPy-β-DMCD) films comparing with PNMPy films may be due to cyclodextrin 
interaction on polymer chain.  
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Figure 25 Resistance vs. electrode potential data for (a) PNMPy and (b) P(NMPy-β-
DMCD) films prepared potentiodynamically by cycling the potential from -0.20 < ESCE < 
0.70 V (from a solution NMPy and NMPy-β-DMCD complex in 0.1 M LiClO4 aqueous 
solution, respectively) in a solution of 0.1 M LiClO4 aqueous electrolyte solution. 
 
For in situ resistance measurements in nonaqueous solution (acetonitrile + 0.1 M 
LiClO4), PNMPy and P(NMPy-β-DMCD) films were deposited potentiodynamically by 
cycling the potentials from -0.20 < EAg/AgCl < 0.90 V. The resistance behavior of both 
films in a solution of acetonitrile + 0.1 M LiClO4 is displayed in Fig. 26a and b. The 
resistance versus the applied electrode potential plot for PNMPy film shows two 
resistance changes with a highly stable resistance (Fig. 26a). The resistance decreases 
sharply by more than an order of magnitude at EAg/AgCl = 0.40 V and then remains almost 
constant up to EAg/AgCl = 0.80 V and slightly increased by 0.52 orders of magnitude at 
EAg/AgCl = 0.90 V. 
 
 58
Results and discussion 





















Figure 26 Resistance vs. electrode potential data for (a) PNMPy and (b) P(NMPy-β-
DMCD) films prepared potentiodynamically by cycling the potential from -0.20 < 
EAg/AgCl < 0.90 V (from a solution NMPy and NMPy-β-DMCD complex in acetonitrile + 
0.1 M LiClO4 nonaqueous electrolyte, respectively) in a solution of acetonitrile + 0.1 M 
LiClO4. 
 
In the case of P(NMPy-β-DMCD) film, the resistance decreases sharply by 0.78 order of 
magnitude at EAg/AgCl = 0.30 V and then remains almost constant up to EAg/AgCl = 0.80 and 
then slightly increased by 0.29 order of magnitude at EAg/AgCl = 0.90 V (Fig. 26b). This 
result show that the resistance of PNMPy film in the range of 0.40 < EAg/AgCl < 0.80 V is 
lower than for poly (NMPy-β-DMCD) film by 0.55 order of magnitude. Minimum 
resistance for PNMPy and poly (NMPy-β-DMCD) films can be observed in 0.40 < 
EAg/AgCl < 0.80 V and 0.20 < EAg/AgCl < 0.90 V, respectively. This observation shows that 
the resistance of PNMPy films in nonaqueous solution is lower than the resistance in 
aqueous solution. Increases of the resistance of PNMPy prepared in the presence of CDs 
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may be due to the decreased length of polymer chains or change of effective conjugation 
length obtained when the PNMPy forms P(NMPy-β-DMCD). The reason could be due to 
some inhibiting effects of CD on the electropolymerization process. Resistance of 
PNMPy is higher than PPy films [119-120]. This higher resistance for PNMPy film 
comparing with PPy film may be due to the lack of planarity or to the increased chain 
separation in the polymer resulting from the increased size of the methyl group relative to 
hydrogen.  
3.2.3 P3MPy and P(3MPy-β-DMCD) Films in Nonaqueous Solution  
 
For in situ resistance measurements P3MPy and P(3MPy-β-DMCD) were deposited 
potentiodynamically by cycling the potentials from -0.20 < EAg/AgCl < 1.10 V in 
nonaqueous solution at 50 mV s-1. The number of deposition cycles was the same for all 
samples enabling comparison between the films based on the assumption, that polymer 
yields are comparable. The resistance behavior of P3MPy and P(3MPy-β-DMCD) films 
in nonaqueous electrolyte solution (acetonitrile + 0.05 M LiClO4) is displayed in Fig. 27. 
The resistance versus applied electrode potential plot for P3MPy film show a single 
resistance transition (Fig. 27a). The resistance of P3MPy film decreases sharply by 1.7 
orders of magnitude at EAg/AgCl = 0.50 V and then remains almost constant up to EAg/AgCl 
= 1.10. Minimum resistance can be observed in the range of 0.40 < EAg/AgCl < 1.10 V. In 
the case of P(3MPy-β-DMCD) (Fig. 27b) the resistance decreases sharply by 1.1 orders 
of magnitude at EAg/AgCl = 0.60 V and then remains almost constant up to EAg/AgCl = 1.10 
V. Minimum resistance can be observed in the range of 0.60 < EAg/AgCl < 1.10 V. This 
observation shows that the resistance was generally higher than P3MPy by 0.7 orders of 
magnitude which must be caused by the presence of CD during the electropolymerization 
process. The generally higher resistance of P3MPy in comparison with PPy (part 3.2.1) 
may result from the presence of the methyl substituents that remarkably decreases 
conjugation length. The conjugation length of PPy was the larger and its distribution 
more narrow [121].  
The low conductance of P3MPy and P(3MPy-β-DMCD) also may result from other 
influences. In ICPs, the charge carriers not only have to move along chains but also to 
jump from chain to chain. The conductance is strongly influenced by the later process 
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(interchain hopping). Interchain hopping is the dominant charge transport mechanism in 
poorly conducting, disordered regions and may thus contribute to the measured 
resistance. From the comparison of P3MPy prepared in the presence of cyclodextrin here 
and elsewhere (part 3.2.1, P(Py-β-DMCD) and part 3.2.2, P(NMPy-β-DMCD)), it 
appears that CD has some effect on these transport processes and thus, the conductance 
of P(3MPy-β-DMCD) is lower than P3MPy.  
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Figure 27 Resistance vs. electrode potential data for (a) P3MPy prepared 
potentiodynamically by cycling the potential from -0.20 < EAg/AgCl < 1.10 V (from a 
solution of 0.038 M 3MPy in acetonitrile + 0.05 M LiClO4) in a solution of acetonitrile + 
0.05 M LiClO4, and (b) P(3MPy-β-DMCD) prepared potentiodynamically by cycling the 
potential from -0.20 < EAg/AgCl < 1.10 V (from a solution of 0.038 M P(3MPy-β-DMCD) 




Results and discussion 
3.3 In Situ UV-Vis Measurements 
3.3.1 PPy and P(Py-β-DMCD) Films in Aqueous Solution  
 
PPy and P(Py-β-DMCD) films were prepared potentiodynamically by cycling the 
potential from 0.00 < ESCE < 1.80 V on an ITO glass electrodes. The scan rates was 50 
mV s-1. In situ UV-Vis-spectra of PPy and P(Py-β-DMCD) films recorded in 0.1 M 
LiClO4 at different applied potentials shifted successively into anodic direction are 
presented in Fig. 28. The UV-Vis-spectra of pyrrole monomer exhibit a very intense band 
at 210 nm due to diene absorption and a low intensity band at longer wavelengths [122].  
PPy (Fig. 28a) shows the absorption band around λ = 360 nm in the neutral state with a 
slight hypsochromic shift by increasing the applied potential up to ESCE = 1.80 V. This 
absorption in the neutral PPy is the π→π* (interband) transition (labelled A). Beyond 
this, there are two additional absorptions (labelled B and C) related to oxidized (doped) 
form in the polymer.  
 














































































Figure 28 Absorbance diagrams of (a) PPy and (b) P(Py-β-DMCD) films electrode in 0.1 
M LiClO4 at different oxidation stages. 
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Clearly, appearance of the absorption peak at high potential indicates that the polaron 
(radical cation) or bipolaron (bication) formation due to the anodic oxidation not breaks 
the conjugated C=C chain in PPy [123-125]. The absorption B (around λ = 490 to λ = 530 
nm) corresponds to a transition from the valence band to the antibinding polaron state. 
This absorption is assigned to the highest-energy polaron transition [126-127] and also 
exhibits a hypsochromic shift as the oxidation proceeds. The third absorption attributed to 
the fully oxidized form appear at around λ = 860 to λ = 880 nm (labelled C). The result 
shows that with increase the potentials up to ESCE = 1.80 V the absorption at around λ = 
530 and λ = 880 nm increases and shifted to around λ = 490 and λ = 860 nm, 
respectively. In the case of in situ UV-Vis-spectra of P(Py-β-DMCD) (Fig. 28b), two 
absorption bands were observed. The absorption band around λ = 860 to λ = 880 nm for 
PPy shifted to abroad band at around λ = 760 to λ = 820 nm for P(Py-β-DMCD) film 
which is attributed to the fully oxidized form (labelled B, C). Another absorption band 
around λ = 360 to λ = 400 nm which is caused by the π→π* transition (labelled A) is 
observed.  
There are two possibilities to describe the absorption and transition band. Firstly, the 
absorption band around λ = 490 to λ = 530 nm in PPy disappears completely in P(Py-β-
DMCD). This is may be due to the reduce higher-energy polaron transition because of 
interaction between polymer chain and CDs. The second one is the entire absorption band 
shifted to low wavelength position. Therefore the absorption band at around λ = 360 nm 
for PPy (attributed to the π→π* transition) shifted to λ < 300 nm for P(Py-β-DMCD) and 
the absorption band around λ = 490 to λ = 530 nm for PPy shifted to around λ = 360 to λ 
= 400 nm due to the formation of the polaron and bipolaron. The change of spectra band 
position in the absorption to a shorter wavelengths for P(Py-β-DMCD) (Fig. 28b) at the 
comparing with PPy (Fig. 28a) may results from conjugation in a short polymer chain 
[128]. It can be imaginable that the first possibility are more probable due to decreasing 
the absorption with increases the applied potential up to ESCE = 1.20 V. However, with 
increasing the potential over the ESCE = 1.40 V the absorption slightly increases.  
Fig. 29 shows the absorbance change of the PPy and P(Py-β-DMCD) films at three (λ = 
360, λ = 490, λ = 870 nm) and two (λ = 360, λ = 800 nm) fixed wavelengths as a function 
of potential 
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Figure 29 Dependence of absorbance of (a) PPy film on potential at λ = 360, λ = 490 and 
λ = 870 nm, and (b) P(Py-β-DMCD) film on potential at λ = 360, λ = 800 nm. 
 
3.3.2 PPy and P(Py-β-DMCD) Films in Nonaqueous Solution  
 
Thick and adherent PPy films prepared potentiodynamically by cycling the potential from 
-0.40 < EAg/AgCl < 0.90 V on an ITO electrode show a reversible color change from violet 
to black / brown with increasing anodic potentials (see Fig. 30a). The film in the reduced 
state shows an absorption band around λ = 360 nm which is attributed to the π→π* 
transition (labelled A) of the pyrrole moiety whereas the fully oxidized black form shows 
a broad absorption with a maximum around λ = 780 to λ = 880 nm (labelled C) as 
reported in the literature [125]. Between these limits the film color is violet due to a third 
absorption that develops at around λ = 460 to λ = 540 nm with maximum absorbance at 
EAg/AgCl = 0.00 to 0.20 V. This absorption is assigned to the highest-energy polaron 
transition (labelled B) [126, 127]. The UV-Vis-spectra at different electrode potentials for 
P(Py-β-DMCD) are shown in Fig. 30b. Like PPy, in the reduced state the P(Py-β-
DMCD) film shows an absorption band around λ = 380 nm which is attributed to the 
π→π* transition (labelled A). The fully oxidized black form shows absorption with a 
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maximum around λ = 830 nm (labelled C). By comparison PPy-films show upon 
oxidation a continuous increase of absorption into the NIR. The absorption band around λ 
= 460 to λ = 540 nm in PPy disappears completely in P(Py-β-DMCD). This may be due 
to the absence or reduce of the high-energy polaron transition because of interaction 
































































Figure 30 Absorbance diagrams of (a) PPy and (b) P(Py-β-DMCD) films electrode in 
acetonitrile + 0.1 M LiClO4 at different oxidation stages. 
 
The absorbance changes of the PPy and P(Py-β-DMCD) films in nonaqueous solution at 
three (λ = 360, λ = 520, λ = 880 nm) and two (λ = 390, λ = 830 nm) as a function of 
potential are shown in Fig. 31. It is noteworthy that the results are in good agreement 
with the absorbance change of the PPy and P(Py-β-DMCD) films electrodes in aqueous 
solution (Fig. 29). 
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Figure 31 Dependence of absorbance of (a) PPy film on potential at λ = 360, λ = 520 and 
λ = 880 nm, and (b) P(Py-β-DMCD) film on potential at λ = 380, λ = 880 nm. 
 
3.3.3 PNMPy and P(NMPy-β-DMCD) Films in Aqueous Solution  
 
In situ UV-Vis-spectra for PNMPy and P(NMPy-β-DMCD) films from -0.20 < ESCE < 
0.70 V in a 0.1 M LiClO4 aqueous solution as a function of applied potential, are shown 
in Fig. 32. Both films were prepared potentiodynamically by cycling the potential from -
0.20 < ESCE < 0.70 V in 0.1 M LiClO4 aqueous solution. Slight differences are observed 
in the spectra for PNMPy and P(NMPy-β-DMCD) films. For oxidized PNMPy (Fig. 
32a), a decreases in absorbance between λ = 360 and λ = 380 nm (labelled A); increases 
of the band around λ = 500 to λ = 550 nm (labelled B) and the band assigned to the 
intragap transition around λ = 740 to λ = 900 nm (labelled C) are observed. The 
absorption around λ = 360 nm is caused by the π→π* transition of the conjugated C=C 
chain neutral PNMPy [123, 124, 125].  
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Figure 32 Absorbance diagrams of (a) PNMPy and (b) (NMPy-β-DMCD) films 
electrode in 0.1 M LiClO4 at different oxidation stages. 
 
Similar behavior is observed during oxidation of P(NMPy-β-DMCD) film (Fig. 32b). In 
this case also a decrease in absorbance between λ = 340 and λ = 380 nm (labelled A); 
increases of the band around λ = 500 to λ = 550 nm (labelled B) and the band assigned to 
the intragap transition around λ = 740 to λ = 900 nm (labelled C) are observed. The 
absorption around λ = 340 nm is caused by the π→π* transition of the conjugated C=C 
chain neutral P(NMPy-β-DMCD) film [123, 124, 125]. However, the shape of this 
absorption by comparison with PNMPy (Fig. 32a) is slightly different. The absorptions 
around λ = 500 to λ = 550 nm for both films are attributed to the higher-energy polaron 
transition (labelled B) [126, 127]. This absorption decreases in particular when compared 
with the growing absorption around λ = 900 and 830 nm, respectively. It is still present at 
the highest doping level, thus it may be caused by the optical transition (labelled B) from 
the valence band into the antibinding upper bipolaron band. The absorbance changes of 
the polymer films in aqueous solution at λ = 360, λ = 520, λ = 900 nm for (PNMPy) and 
λ = 360, λ = 530, λ = 830 nm for (P(NMPy-β-DMCD)) as a function of potential are 
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shown in Fig. 33. Maximum absorbance in λ = 900, λ = 520 and λ = 360 nm obtained at 
ESCE = 0.70, 0.70 and 0.00 V, respectively (Fig. 33a). However, in the case of P(NMPy-
β-DMCD) (Fig. 33b) maximum absorbance in λ = 880, λ = 530 and λ = 360 nm are 
obtained at ESCE = 0.70, 0.70 and 0.20 V, respectively. 
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Figure 33 Dependence of absorbance of (a) PNMPy film on potential at λ = 360, λ = 520 
and λ = 900 nm, and (b) P(NMPy-β-DMCD) film on potential at λ = 360, λ = 530 and λ = 
880 nm. 
 
3.3.4 PNMPy and P(NMPy-β-DMCD) Films in Nonaqueous Solution  
 
In situ UV-visible spectra of PNMPy and P(NMPy-β-DMCD) films in a solution of 
acetonitrile + 0.1 M LiClO4 acquired as a function of applied potential are shown in Fig. 
34. Both films were prepared potentiodynamically on an ITO electrode by cycling the 
electrode potential in the range - 0.20 < EAg/AgCl < 0.90 V in a nonaqueous solution 
(acetonitrile + 0.1 M LiClO4). The spectra of the oxidized forms of both films were 
collected at the same electrode potentials, accordingly at identical doping levels. 
Significant differences are observed between the spectra of PNMPy and P(NMPy-β-
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DMCD). During oxidation of PNMPy (Fig. 34a) a decrease in absorbance around λ= 350 



































































Figure 34 Absorbance diagram of (a) PNMPy and (b) P(NMPy-β-DMCD) films 
electrode in a solution of acetonitrile + 0.1 M LiClO4 at different oxidation stages. 
 
The observed spectral features are attributed to transitions between various electronic 
levels: valence band, conduction band, and polaron or bipolaron levels/bands (for an 
introduction see [125, 126]). The electronic band diagrams for PNMPy and P(NMPy-β-
DMCD) films are shown in Fig. 35. The bandgap transition (labelled A) is assigned to the 
π→π* of the neutral polymer, and in this state only one allowed optical transition. 
Beyond this there are two additional transitions in the polaron (labelled B, C) and one 
additional in the bipolaron state B are observed in the UV-Visible spectra [126, 127]. The 
first transition B (around λ = 510 nm) corresponding to a transition from the valence band 
to the antibinding polaron state and the second one C is associated with a transition from 
the binding to the antibinding polaron state. At low doping levels, an increase of the 
absorbance attributed to polarons appears before bipolaron spectra develop. The 
bipolaron states in the gap account for two transitions observed and reported within the 
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gap around λ = 1771 nm (not observed here in the studied range of wavelengths, labelled 
D) and around λ = 540 nm (B) for highly doped polymer [126, 127, 129]. The transitions 
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Figure 35 Electronic band diagrams of PNMPy and P(NMPy-β-DMCD) films. A= 
bandgap transition (π→π*), B, C, D = electronic transitions; arrow = unpaired electron. 
 
However, in comparison with PNMPy film upon oxidation, the broad band around λ = 
870 nm in PNMPy films is narrowed to the sharp band around λ = 830 nm in P(NMPy-β-
DMCD). The width of the absorption feature corresponds to the distribution of 
conjugation lengths in the polymer; a broad band is associated with a broad distribution 
[130]. Thus in the absence of CD a polymer with a much broader distribution showing a 
distinct asymmetry with considerable optical absorption at smaller wavelengths and thus 
a large amount of short conjugation length segments is electropolymerized. This can be 
rationalized when taking into account the polymerization process. Before 
electrooxidation the monomer shielded inside the host CD has to be released. This 
decomplexation process limits the concentration and thus availability of free monomer 
and subsequently of radical cations formed by electrooxidation. In the absence of CD no 
such limitations are effective. A smaller concentration of reactive species (here: radical 
cations) results in a higher degree of polymerization (DP) and thus conceivably in a 
“more orderly” polymer showing higher length of undisturbed, conjugated segments 
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resulting in the observed spectral features. Because the charge transfer process (i.e. the 
electrooxidation of the monomer) is presumably fast the decomplexation is the rate-
determining reaction step keeping the concentration of free monomers at the suggested 
low level. The absorptions around λ = 520 nm for both films are attributed to the higher-
energy polaron transition B [126, 127]. This absorption decreases in particular when 
compared with the growing absorption around λ = 880 and 830 nm, respectively. It is still 
present at the highest doping level, thus it may be caused by the optical transition B from 
the valence band into the antibinding upper bipolaron band.  
The absorbance changes of the polymer films in nonaqueous solution at λ = 360, λ = 520, 
λ = 880 nm (PNMPy) and λ = 390, λ = 530, λ = 830 nm (P(NMPy-β-DMCD)) as a 
function of potential are shown in Fig. 36. Maximum values of absorbance as a function 
of degree of oxidation at λ = 880, λ = 510 and λ = 360 nm are obtained at EAg/AgCl = 0.90, 
0.90 and 0.00 V, respectively (Fig. 36a). However, in the case of P(NMPy-β-DMCD) 
maximum absorbance at λ = 830, λ = 530 and λ = 390 nm obtained at EAg/AgCl = 0.90, 
0.90 and - 0.30 V, respectively (Fig. 36b). 
 




































Figure 36 Dependence of absorbance of (a) PNMPy film on potential at λ = 360, λ = 510 
and λ = 880 nm, and (b) P(NMPy-β-DMCD) film on potential at λ = 390, λ = 530 and λ = 
830. 
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3.3.5 P3MPy and P(3MPy-β-DMCD) Films in Nonaqueous Solution 
 
In situ UV-Vis spectra of P3MPy and P(3MPy-β-DMCD) films in contact with a solution 
of acetonitrile + 0.05 M LiClO4 acquired as a function of applied electrode potential are 
shown in Fig. 37. The spectra for the oxidized forms of both films were collected at 
identical doping levels (i.e. electrode potentials). Optical absorptions observed in the 
spectra displayed in Fig. 37 can be assigned to transitions between various electronic 
levels (valence band, conduction band, and polaron or bipolaron levels/bands, as 
displayed schematically in Fig 36). For the pristine state there is only one allowed optical 
transition: the band A assigned to the π→π* transition of the neutral polymer. In the 
polaron state (partially oxidized), there are three additional transitions (intragap 
transitions (labelled B, C, D), in the bipolaron state, there are only two additional 




















































Figure 37 Absorbance diagrams of (a) P3MPy and (b) P(3MPy-β-DMCD) films 
electrode in a solution of acetonitrile + 0.1 M LiClO4 at different oxidation stages. 
 
 72
Results and discussion 
The latter ones (D) were reported at around λ = 1771 nm (not observed here in the 
studied range of wavelengths) and λ =539 nm (B) for highly doped polymer [124, 125].  
As oxidation of the P3MPy film proceeds (Fig. 37a), the intensity of the band A located 
around λ = 371 nm decreases with increasing potential with a concomitant hypsochromic 
shift. Since the band A is due to the π→π* interband transition of the polymer [125], the 
decrease of its intensity with the potential increase indicates the successive oxidation of 
the polymer with associated changes in intra- and intermolecular bonding. The slight blue 
shift of this band with potential may be due to a decrease conjugation length, i.e. with 
increasing electrode potential units of shorter conjugation length and correspondingly 
higher absorption energy remain unconverted [126, 128].  
The intensity of the band B located around λ = 420 to λ = 530 nm first increases with 
increasing potential up to EAg/AgCl = 0.10 V and then decreases gradually up to EAg/AgCl = 
1.10 V. It is assigned to the high-energy polaronic transition [126, 127] (as displayed in 
Fig. 36 this transition refers to excitation from the valence band into the anti-binding 
(upper) polaron state [126]) and exhibits a hypsochromic shift as the oxidation proceeds. 
The band B appears in the spectra of the neutral film already, this implies that at E Ag/AgCl 
= - 0.20 V polarons are present in the polymer film even in the completely reduced state. 
The intensity of the broad band C around λ = 830 nm increases monotonically with 
increasing applied potential [126]. This band is expect to be the bonding to antibinding 
cation level transition-between the polaron levels in the gap- and undergoes a blue shift 
with increasing potential. At lower doping levels, the band C absorption in the gap are 
present around λ = 885 nm for polypyrrole perchlorate which reported elsewhere [126]. 
These observations can be explained by taking into account the polydispersity of 
synthetic polymers. In a synthetic polymer there is a distribution of different lengths of 
conjugated segments. At lower potential the segments with longer conjugation length will 
be oxidized first. With successive potential increase the segments with shorter 
conjugation length will be oxidized. The segments with shortest conjugation length will 
be oxidized at even higher potential. As the energy of maximum absorption is inversely 
proportional to the conjugation length of the polymer chain, therefore, a blue shift is ob-
served in the long wavelength part of the spectra with the potential increase. In the case 
of P(3MPy-β-DMCD) film during oxidation (Fig. 37b) the intensity of the band A at λ = 
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370 to λ =  410 nm (attributed to the π→π* transition of the neutral polymer) decreases 
with increasing potential up to EAg/AgCl = 0.20 V and then remains nearly constant up to 
EAg/AgCl = 1.10 V. The intensity of the band B around λ = 420 to λ = 530 nm increases 
with increasing potential up to EAg/AgCl = 0.20 V and then decreases slightly. The broad 
and poorly-defined band C around λ = 720 to λ = 810 nm increases gradually with in-
creasing the potential. By comparison P3MPy-films show upon oxidation a continuous 
increase of absorption into the NIR. The differences in potential dependent behavior and 
shape of optical absorption spectra for P3MPy in comparison with P(3MPy-β-DMCD) 
film can be explained when taking into account the polymerization process. During 
electropolymerization the 3MPy monomer is oxidized, forming a radical cation - the 
reactive species in this process - which dimerizes subsequently. Finally the reaction 
results in the formation of a deposit of P3MPy. The observed absorption features in the 
UV-Vis spectra correspond to the distribution of conjugation lengths in the polymer; a 
broader band is associated with a broader distribution [130].  
The spectra obtained here with P3MPy and P(3MPy-β-DMCD) are substantially different 
from the respective ones obtained with pyrrole (part 3.3.2) and N-methyl pyrrole (part 
3.3.4). P3MPy prepared in the absence of CD shows a broad, nevertheless well-defined 
band C fairly narrow at low degrees of oxidation broadening and growing substantially in 
intensity with oxidation. The extension of the band towards shorter wavelengths suggests 
oxidation of shorter units at higher electrode potentials. At all applied potentials the 
absorption sharply drops around λ = 880 nm, it is apparently very small in the NIR. The 
behavior of band C prepared in the presence of CD is strikingly different. The majority of 
the absorption is observed as a growing tail extending into the NIR, only at electrode 
potentials relatively higher than in the case with CD a broad, almost featureless 
absorption is also observed in the visible range. The blueshift is far less pronounced. The 
first observation implies that the conjugation length of the species participating in the 
electrooxidation is substantially longer for this polymer; this is corroborated by the 
apparent lack of the blueshift.  
Taking the maximum of the bands as an indicator the prevalent conjugation length was 
practically the same for the polymer prepared without and with CD. This is changed 
substantially with 3MPy. The polymer prepared in the presence of CD shows some 
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absorption in the visible range – just like the polymer prepared without CD – but the bulk 
of the absorption is in the NIR.  
The absorbance changes of the polymer films and films in nonaqueous solution at λ = 
350, λ = 530, λ = 810 nm (P3MPy) and λ = 380, λ = 800 nm (P(3MPy-β-DMCD) as a 
function of potential are shown in Fig. 38. Maximum absorbance for P3MPy film in λ = 
810, λ = 530 and λ = 360 nm obtained at EAg/AgCl = 1.10, 0.10 and -0.20 V, respectively. 
In the case of P(3MPy-β-DMCD) film, the maximum absorbance in λ = 800, λ = 380 nm 
obtained at EAg/AgCl = 1.10 and -0.20 V, respectively. 
 





































Figure 38 Dependence of absorbance of (a) P3MPy film on potential at λ = 360, λ = 530 
and λ = 810 nm, and (b) P(3MPy-β-DMCD) film on potential at λ = 380 and λ = 800 nm. 
 
3.4 FT-IR Measurements 
 
FT-IR spectroscopy has been applied to the identification of polymeric materials for both 
qualitative and quantitative determination of the chemical compounds. Many parameters 
can be investigated, including polymer end groups, chain branching, configuration and 
conformation, as well as steric and geometric isomerism [131]. This technique measures 
the absorption of various infrared light wavelengths by the material of interest.  
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The infrared spectra of PPy, PNMPy and P3MPy (pristine and doped), have been the 
subject of intensive study in the literature [132-142]. However, the data presented in 
literature [143-145] show a lot of controversy about the band assignment of doped PPy. 
This is because all the bands are broad and very often poorly defined. Also, pristine PPy 
from different laboratories may present different features [146-147]. It should be noted 
that there is some experimental disagreement between the IR spectra of pristine PPy, 
either because of overall sample instability under atmosphere, or because of the different 
methods of dedoping employed by several authors [147]. For this reason, the properties 
of the neutral PPy are still not accurately known.  
The FT-IR measurements in this study were performed with the completely oxidized 
form of the polymer, under the assumption that the washing and drying processes as well 
as contact with air did not alter the sample properties significantly.  
3.4.1 FT-IR Transmission Spectra of PPy and P(Py-β-DMCD) Films 
 
Fig. 39 shows the FT-IR transmission spectra of the PPy, P(Py-β-DMCD) and β-DMCD 
in the range of 400-3600 cm-1. The FT-IR spectra of the resulting P(Py-β-DMCD) are 
similar to that of PPy formed in the absence of CD. The main characteristic peaks of the 
PPy and P(Py-β-DMCD) are assigned as the following. The data for PPy are in good 
agreement with values reported elsewhere [132, 141, 145, 146]. The broad peak 
occurring at 3417 cm-1 in PPy is attributed to the N-H stretch and shift to the 3423 cm-1 in 
P(Py-β-DMCD). The peak at 1525 cm-1 is assigned to the C=C stretch or C-C in-ring 
stretch in PPy and shift to the 1529 cm-1 in P(Py-β-DMCD). The peak with lower 
intensity due to ring breathing with contributions from C=C/C-C or C-N stretch are 
observed at 1446 cm-1 in PPy and shift to the 1451cm-1 in P(Py-β-DMCD). The peak at 
1118 cm-1 is assigned to N-H stretch in PPy and shift to 1126 cm-1 in P(Py-β-DMCD). 
The other peaks position in PPy dose not changes in P(Py-β-DMCD). The IR 
transmission study of PPy-ClO4 [140, 146] show no clear sign of the vibrational modes 
due to dopant ClO4-. However, the study suggested that the adsorption peak around 1100 
cm-1 could be assigned to a vibration mode of ClO4-.  
 76



















Figure 39 FT-IR transmission spectra of (a) PPy, (b) P(Py-β-DMCD) and (c) β-DMCD. 
 
The result of the FT-IR spectra of PPy and P(Py-β-DMCD) suggests no CD incorporation 
in the material. The peak position of FT-IR shifts in to higher wavenumber can be 
interpreted as the increase in chain length of the polymers. However, the shifts of the 
band positions observed in this study are negligible.  







Results and discussion 
Table 2 The comparison of the major FT-IR bands and their assignments for PPy and 
P(Py-β-DMCD) films. 
Description Wavenumbers (cm-1)  
 P(Py-β-DMCD) PPy 
N-H stretch 3423 3417 
C-H stretch 2927 2927 
C=C stretch 




C-C in-ring stretch 
1451 1446 
C-N in-plane bending 
C-H in-plane bending 
1276 1278 
C-N stretch 
 Vibration mode of ClO4-
1126 1118 




C-H out-of-plan bending 
C=C-C in-plane deformation 
C=C-N in-plane deformation 
902 890 
C-H out-of-plan bending 
N-H out-of-plan bending 
772 779 
 
3.4.2 FT-IR Transmission Spectra of PNMPy and P(NMPy-β-DMCD) 
Films  
Fig. 40 shows the FT-IR transmission spectra of the PNMPy and P(NMPy-β-DMCD) in 
the range of 500-3600 cm-1. The main characteristic peaks of the PNMPy and P(NMPy-β-
DMCD) are assigned as the following. The data for PNMPy are in good agreement with 
 78
Results and discussion 
values reported elsewhere [132, 138, 139, 141]. The three peaks at 1446, 1380 and1314 
cm-1 are due to the ring stretch of N-methylpyrrole units [139]. The sharp peak at 1105 
cm-1 is assigned to a vibration mode of ClO4- [140, 146]. The peak at 1540 cm-1 is 
assigned to C=C stretch in PNMPy and shift to 1559 cm-1 in P(NMPy-β-DMCD). The 
peaks occurring at 775 and 622 cm-1 are due to the C-H out-of-plane deformation of the 
N-methylpyrrole units. It is obvious that the sharp peaks band in PNMPy and P(NMPy-β-






















Figure 40 FT-IR transmission spectra of (a) PNMPy and (b) P(NMPy-β-DMCD). 
 
The FT-IR spectra of the resulting PNMPy are similar to the P(NMPy-β-DMCD) and 
again suggests no CD incorporation in the product. Moreover, no remarkable changes in 
the position of peaks observed. However, the peak at 1540 cm-1 (due to C=C stretch) in 
PNMPy shifts to 1554 cm-1 in P(NMPy-β-DMCD).  
The major FT-IR bands for both films are listed along with their assignments in Table 3. 
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Table 3 The comparison of the major FT-IR bands and their assignments for PNMPy and 
P(NMPy-β-DMCD) films. 
 
Description Wavenumbers (cm-1)  
 P(NMPy-β-DMCD) PNMPy 
N-H stretch - - 
C-H (N-methyl) stretch 2941 2939 
C=C stretch 












C-C in ring stretch 
1318 1314 
C-N stretch  
Vibration mode of ClO4-
1097 1105 
C-H out-of-plan bending 770 775 
C-H out-of-plan bending 622 622 
 
3.5 In Situ SERS Measurements 
 
In situ optical and Raman spectroscopy have proved to be useful methods for the study of 
the structure and properties of electronically conducting polymers like polyaniline, 
polypyrrole and polythiophene [148-162]. Raman spectroscopy is an essential method to 
evaluate the structure situation of PPy in various states. Nevertheless, only poor 
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information can be provide due to week signal or interference from noise. On the whole, 
the Raman technique cannot be applied to the analysis of organic compounds that are 
present in a system at very low levels. However, there are two useful exceptions to this 
rule [148]. Two methods for increasing the signal of a species present at very low levels 
are resonance Raman spectroscopy (RRS) and Surface enhanced Raman scattering 
(SERS). A RRS process can be distinguished from a SERS process by several 
characteristic. Among these are: (1) a RR spectrum can be obtained on a non-SERS-
active metal such as Pt or Hg or on a smooth SERS active metal, while SERS can only be 
obtained on a roughened SERS-active metal such as Ag, Cu, or Au, (2) a RR spectrum 
may show strong overtones or combination bands in contrast to a SERS spectrum, which 
does not show such bands with intensities comparable to those of fundamental modes, 
and (3) the influence of parallel and perpendicularly polarized light on band intensities 
may be different in two light scattering processes [148].  
The first report of surface Raman spectroscopy of a molecule adsorbed at the 
metal/solution interface under potentiostatic electrochemical control was the paper of 
Fleischmann et al. [149]. SERS technique has been observed at solid/solution, solid/gas, 
solid/vacuum, and solid/solid interfaces, and it is possibly the most sensitive surface 
high-resolution vibrational spectroscopic technique available as an analytical probe. The 
grate interest in SERS is evidenced by the virtual explosion in the number of publications 
dealing with this technique since 1977 from the physics, chemistry, and materials science 
research communities. One reason for this interest in SERS is the generality of the 
technique with regard to the nature of the material phase in contact with the solid surface. 
Another reason is that there are several mechanisms that contribute to SERS, and a 
considerable scientific challenge exists in determining the extent of the contributions of 
various mechanisms to the overall enhancement [148].  
 
3.5.1 PPy and P(Py-β-DMCD) Films in Aqueous Solution  
 
Raman spectra of PPy have been studied extensively by using SERS technique [163-
166]. SERS can identify a conducting polymer film whether in the oxidized (doped) state 
and the doping level.  
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Fig. 41 shows the SERS spectra using laser excitation line of λ = 647.1 nm of PPy films 
deposited on different gold substrates with and without ORC treatment (see part 2.5.3). 
As illustrated in the Fig. 41b, no meaningful information can be observed from the 
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Figure 41 SERS spectra of PPy films prepared in 0.1 M LiClO4 aqueous solution and 
deposited on different gold substrate (a) with ORC treatment, (b) without ORC treatment. 
 
The SERS spectra of PPy deposited on the roughened Au indicated both a marked 
increase in intensity and a better resolution. In fact the effect of SERS comes from the 
PPy which can be deposited on the grains of the roughened gold substrate. This result is 
in good agreement with work reported elsewhere [138, 140, 162, 167]. Then the 
possibility of transition of vibration modes increases in exciting by laser beam. It results 
in a strong enhanced Raman intensity being obtained. However, the Raman signal is 
directly obtained from the bulk of polypyrrole not from the interface of gold and PPy, if 
more polymers are deposited [162].  
Before in situ SERS measurement in aqueous electrolyte solution, the films were checked 
with cyclic voltammetry. The in situ SERS of PPy and P(Py-β-DMCD) films at λ = 647.1 
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nm excitation obtained at different potentials in the anodic scans are shown in Fig. 42. 
The general appearance of the Raman spectra is similar to those previously reported for 
PPy films in 0.1 M LiClO4 solution [168]. It can clearly be seen in Fig. 42a that the C=C 
stretching band is significantly shifted very gradually from 1599 to 1617 cm-1 when the 
electrode potential goes positively from ESCE = 0.00 to ESCE = 1.80 V. However, the 
wavenumbers is representative of the redox state of PPy [117, 169]. The band at 1599 
cm-1 made up of a contribution of bands due to the radical cation and neutral forms with a 
separate band at 1650 cm-1 for the dication form (reduced and oxidized PPy). Also the 
intensity of these two bands slightly increases from ESCE = 0.00 to ESCE = 1.80 V. The 

























































Figure 42 In situ SERS spectra at λ = 647.1 nm excitation of (a) PPy and (b) P(Py-β-
DMCD) films on gold electrode with ORC treatment taken at different potential imposed 
in 0.1 M LiClO4 aqueous solution. 
 
With applied potential up to ESCE = 1.00 V the intensities of peak at 1056 cm-1 decreases 
and then remaineds nearly constant up to ESCE = 1.80 V. However, with increasing the 
potential from ESCE = 1.00 to ESCE = 1.80 V, the peak at 1094 cm-1 is strengthened in 
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comparison to the 1056 cm-1 band from ESCE = 0.00 to ESCE = 1.80 V. The other peaks at 
about 1332 and 1398 cm-1 are attributed to the ring-stretching mode of PPy [162, 164]. 
According to the Fig. 42a, the band at 1396 cm-1 is strengthened at ESCE = 0.80 up to ESCE 
= 1.80 V. The bands around 1094 (due to the C-H in-plane) and 1396 cm-1 (due to the 
ring stretching) are assigned to the oxidized PPy as reported previously [146]. It is clear 
that with increasing the potential from ESCE = 0.00 to ESCE = 1.80 V the 1431 cm-1 band 
intensity belonging to the ring stretching is increased [169]. The bands around 940 and 
998 cm-1 are assigned to the ring deformation associated with dication (bipolaron) and 
radical cation (polaron), respectively [129, 170]. Furthermore, the bands at 998 cm-1 
show decreases while the 940 cm-1 band increase with increasing potential up to ESCE = 
1.80 V. The weak peak of N-H in-plane deformation at 1264 cm-1 is shift to a higher 
wavenumber at 1276 cm-1 with anodic scan. This may ascribed to the change in chemical 
structure of PPy due to oxidation and reduction cycles. The general appearance of the 
Raman spectra for P(Py-β-DMCD) (Fig, 42a) is similar to PPy (Fig. 42b). As shown in 
Fig. 42b, the broad peak of C=C band stretching from around 1570 to 1641 cm-1 shows 
upshifts to higher wavenumbers and slightly increasing in intensity when the electrode 
potential goes positively from ESCE = 0.00 to ESCE = 1.80 V. The change of the Raman 
peaks of the C=C backbone to higher wavenumbers may indicates the shorter conjugation 
length of polymer [133, 160]. The peak at 931 cm-1 is assigned to be the symmetric 
stretching mode of ClO4- dopants [171]. The peak is not observed due to overlapping 
with the peak of ring deformation at λ = 940 cm-1 in anodic scans. The intensity of peaks 
at about 940 cm-1 increases after ESCE = 1.00 V. The peak at 1059 cm-1 is attributed to the 
ring deformation. The broad peaks at 1431 cm-1 for PPy (Fig. 42a) is shifted to higher 
wavenumber at 1462 cm-1 for the P(Py-β-DMCD) (Fig. 42b). These peaks are attributed 
to the C-N stretching [141]. The change of the peak position for P(Py-β-DMCD) to a 
lower frequency may indicate the change in chemical structure of polymer due to 
oxidation and reduction cycle or CD effect during electropolymerization. Table 4 and 5 
shows the major band assignments of Raman spectra of PPy and P(Py-β-DMCD) 
obtained with λ = 647.1 nm excitation in 0.1 M LiClO4 aqueous solution. 
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Table 4 Major band assignments of Raman spectra of PPy obtained with λ = 647.1 nm 
excitation. 
 Wavenumbers (cm-1) at electrode potential (V) (vs. SCE) 
Description 0.00 0.30 0.60 0.80 1.00 1.20 1.40 1.60 1.80 
C-H def. 940 942 941 945 945 945 946 946 946 
Ring def. 1000 998 998 996 996 1000 1001 1000 1001 




















1264 1266 1259 1261 1262 1269 1266 1274 1276 
















































str.: stretching, def.: deformation 
 
Table 5 Major band assignments of Raman spectra of P(Py-β-DMCD) obtained with λ =  
647.1 nm excitation.  
 Wavenumbers (cm-1) at electrode potential (V) (vs. SCE) 
str.: stretching, def.: deformation 
Description 0.00 0.30 0.60 0.80 1.00 1.20 1.40 1.60 1.80 
C-H def. 945 938 941 940 940 940 941 941 939 
Ring def. 991 993 986 994 996 994 988 997 994 




















1262 1263 1256 1263 1260 1262 1265 1257 1265 























































Results and discussion 
3.5.2 PPy and P(Py-β-DMCD) Films in Nonaqueous Solution  
 
Before in situ SERS measurement in nonaqueous electrolyte solution, the films were 
checked with cyclic voltammetry. The in situ SERS of PPy and P(Py-β-DMCD) films at 
λ = 647.1 nm excitation on gold substrate (with ORC pre-treatment) in acetonitrile + 0.1 
M LiClO4 at different potentials of corresponding voltammograms in the anodic scans 
shows in Fig. 43. It can be clearly observed that the Raman spectrum changes with the 
change in the structure of PPy in the oxidation cycle. Significant information can be 
obtained from analysis of the spectra in Fig. 43a. The peak at 931 cm-1 attributed to the 
symmetric stretching mode of ClO4- [171] dopants and C-H out-of-plane deformation 
vibration in PPy which somewhat overlap each other, doesn’t shift with anodic scan. 






















































Figure 43 In situ SERS spectra of (a) PPy and (b) P(Py-β-DMCD) films at λ = 647.1 nm 
excitation on gold electrode with ORC treatment taken at different potentials imposed in 
acetonitrile + 0.1 M LiClO4 solution. 
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As shown in the spectra, the intensity of the main peak attributed the C=C backbone 
stretching of reduced and oxidized PPy [172] at around λ = 1550 to 1615 cm-1 with the 
anodic scan decreases with increase of the applied potential. Moreover, with increases the 
applied potential up to EAg/AgCl = 0.70 V, the broad peak at λ = 1550 to 1615 change to 
sharp peak at λ =1612 cm-1. The peak at 1612 cm-1 representing the PPy in an oxidized 
state, appears more significantly in a regular pattern with anodic scan than the peak at 
1550 cm-1, representing the PPy in a reduced state. On the contrary, the reduced peak 
dominates the whole peak of C=C backbone stretching with cathodic scan. 
It is interesting to mention that, somewhat overlapped double peaks are resolved into two 
component peaks. They are located at around 1550 and 1612 cm-1, which are assigned to 
the reduced and the oxidized PPy, respectively [162]. The Raman bands at around 1331 
and 1389 cm-1 corresponds to the ring stretching and the Raman band at around 1421 to 
1460 cm-1 attributed to the C-N stretching shows the slight shift and different behavior in 
intensity with increasing potential up to EAg/AgCl = 0.70 V. However, the peak at1389 cm-1 
show increase in intensity and doesn’t shift from EAg/AgCl = 0.00 to EAg/AgCl = 0.70 V. On 
the contrary, the Raman band at around 1058 cm-1 correspond to the C-H in-plane 
deformation vibration show decrease in intensity from EAg/AgCl = -0.50 to EAg/AgCl = 0.70 
V. The sharp Raman bands at around 996 cm-1 and weak and broad Raman bands at 1253 
to 1260 cm-1 attributed to the C-H in-plane deformation vibration do not change with 
increasing the applied potential up to EAg/AgCl = 0.70 V. 
The in situ SERS spectra of (P(Py-β-DMCD) film (Fig. 43a) are similar to PPy (Fig. 
43b), although the intensity and position of the Raman bands are slightly different. The 
situation of peak at 932 cm-1 (attributed to the C-H out-of-plane deformation), 1054 and 
1258 to 1265 cm-1 (attributed to the C-H in-plane deformation) doesn’t change. However, 
slight different in intensity was observed for PPy film in the presence of CDs. The 
intensity of the Raman bands at 1385 cm-1 (ring stretching) doesn’t change from EAg/AgCl 
= -0.50 to EAg/AgCl = 0.70 V. In contrast with PPy the C=C backbone stretching peak of 
reduced and oxidized PPy at around 1557 to 1650 cm-1 with the anodic scan show slight 
shift to the low frequency. It can clearly be seen in Fig. 43 that the intensities ratio (was 
calculated but not presented) of Raman peaks at 1331 and 1389 cm-1 for PPy are different 
with the intensities ratio of Raman peaks at around 1334 and 1385 cm-1 for PPy in the 
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presence of CDs. Furthermore, the intensities of the Raman bands at 1060 cm-1 for P(Py-
β-DMCD) are lower than the intensities of the same peak for PPy in the range of -0.50 < 
EAg/AgCl < 0.70 V. The peaks corresponding to the C=C band and C-H in-plane 
deformation show a relatively small compositional and structural change of the PPy in 
the presence of CDs. 
Table 6 and 7 shows the major band assignments of Raman spectra of PPy and P(Py-β-
DMCD) obtained with λ = 647.1 nm excitation in 0.1 M LiClO4 nonaqueous solution. 
For comparison, the Raman peak frequencies corresponding assignments at λ = 647.1 nm 
excitation of PPy and P(Py-β-DMCD) in aqueous and nonaqueous solution are listed in 
Table 8.  
 
Table 6 Major band assignments of Raman spectra of PPy obtained with λ = 647.1 nm 
excitation. 
 Wavenumbers (cm-1) at electrode potential (V) (vs. Ag/AgCl) 
str.: stretching, def.: deformation 
Description -0.50 -0.30 -0.10 0.00 0.20 0.40 0.60 0.70 
 C-H def. 932 932 932 932 932 932 932 932 
 Ring def. 1000 1004 1004 1001 1000 999 1004 996 
 C-H def. 1060 1060 1057 1059 1054 1062 1057 1060 
 N-H/C-H 
def.  
1260 1263 1253 1267 1260 1261 1265 1260 
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Table 7 Major band assignments of Raman spectra of P(Py-β-DMCD) obtained with λ= 
647.1 nm excitation. 
 Wavenumbers (cm)-1 at electrode potential (V) (vs. Ag/AgCl) 
Description -0.50 -0.30 0.00 0.30 0.50 0.70 
 C-H def. 932 932 932 932 932 932 












 N-H def. 
 C-H def. 
1263 1258 1263 1263 1270 1265 
 Ring str. 1334 1336 1340 1346 1344 1347 






























str.: stretching, def.: deformation 
 
Table 8 Band assignments of Raman spectra of PPy and P(Py-β-DMCD) in 0.1 M 










C-H out-of-plane deformation 932 932 
Ring deformation 996-1004 980-983-weak 
C-H in plane deformation 1057-1063 1052-1063 
N-H / C-H in plane deformation 1260-1267 1258-1270 




C-N stretching 1421-1463 1465-1473 
C=C backbone stretching 1550-1619 1552-1650 
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3.5.3 PNMPy and P(NMPy-β-DMCD) Films in Aqueous Solution  
 
Before in situ SERS measurement in aqueous electrolyte solution, the films were checked 
with cyclic voltammetry. Fig. 44 shows the in situ SERS spectra at λ = 647.1 nm 
excitation of PNMPy and P(NMPy-β-DMCD) films deposited on gold substrates with 
ORC pre-treatment imposed in 0.1 M LiClO4 aqueous solution at different potentials in 
the anodic scans. The most interesting Raman features, assigned to C=C backbone 
stretching which appears at 1586 cm-1 in PNMPy is significantly shifted from around 
1586 to 1611 cm-1. However, the intensity of peaks is decrease when the electrode 
potential goes positively from ESCE = 0.30 to ESCE = 0.70 V (Fig. 44a). The wavenumber 
is representative of the redox state of PNMPy. The band at 1586 cm-1 made up of a 
contribution of bands due to the radical cation and neutral forms with a separate band at 

























































Figure 44 In situ SERS spectra of (a) PNMPy and (b) P(NMPy-β-DMCD) films at λ = 
647.1 nm excitation on gold electrode with ORC treatment taken at different potentials 
imposed in 0.1 M LiClO4 aqueous solution. 
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With increasing the potential from ESCE = 0.20 V to ESCE = 0.70 V the sharp Raman 
bands at around 1195 and 1342 cm-1 attributed to the ring stretching shows decrease in 
intensity. However, from ESCE = -0.20 to ESCE = 0.20 V slight increases in intensity for 
bands were observed. The intensity of two Raman bands which clearly appear at around 
1068 to 1078 and 1125 to 1132 cm-1 attributed to the C-H in plane deformation and ring 
stretching mode, respectively, decreases from ESCE = -0.20 to ESCE = 0.70 V. Meanwhile, 
the same behavior were observed for two Raman bands at about 1437 to 1441 and 1464 
to 1470 cm-1 attributed to the ring breathing with contributions from C=C, C-C and C-N 
stretching. Like SERS measurements for PPy films, no strong Raman bands around 930 
to 940 and 980 to 1000 cm-1 which assigned to the ring deformation associated with 
dication (bipolaron) and radical cation (polaron), respectively; [170, 173] were observed. 
The Raman bands of P(NMPy-β-DMCD) show nearly similar bands with differences in 
intensity from ESCE = -0.20 to ESCE = 0.70 V (Fig. 44b).  
With applied potential from ESCE = -0.20 to ESCE = 0.10 V no significant difference was 
observed for the Raman bands. However, the Raman bands, assigned to C=C stretching 
shifted from 1586 to 1626 cm-1 up to ESCE = 0.70 V. Furthermore, at ESCE = 0.20 and 
ESCE = 0.30 V the intensity of Raman bands in all cases increases very sharply and then 
decreases with positive potential up to ESCE = 0.70 V. These results may suggest the 
slight effect of cyclodextrin on PNMPy backbone. The results also indicate the CD effect 
on electropolymerization processes during the synthesis of P(NMPy-β-DMCD) film. 
Table 9 and 10 shows the major band assignments of Raman spectra of PNMPy and 











Results and discussion 
Table 9 Major band assignments of Raman spectra of PNMPy obtained with λ= 647.1  
nm excitation. 
 Wavenumbers (cm-1) at electrode potential (V) (vs. SCE) 
Description -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50 0.70 






























































str.: stretching, def.: deformation 
 
Table 10 Major band assignments of Raman spectra of P(NMPy-β-DMCD) obtained 
with λ= 647.1 nm excitation. 
 Wavenumbers (cm-1) at electrode potential (V) (vs. SCE) 
Description -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50 0.70 




























































str.: stretching, def.: deformation 
 
3.5.4 PNMPy and P(NMPy-β-DMCD) Films in Nonaqueous Solution 
 
Before in situ SERS measurement in nonaqueous electrolyte solution, the films were 
checked with cyclic voltammetry. The in situ SERS of PNMPy and P(NMPy-β-DMCD) 
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films at λ = 647.1 nm excitation on gold substrate (with ORC pre-treatment) in 
acetonitrile + 0.1 M LiClO4 at different potentials of corresponding voltammograms in 
the anodic scans shows in Fig. 45. In both films no significant difference in intensity was 
observed from EAg/AgCl = -0.20 to EAg/AgCl = 0.10 V during in situ SERS measurements. 
However, the intensity of Raman bands decreases at around 1195, 1340 (attributed to the 
ring stretching) and around 1598 to 1611 cm-1 (attributed to the C=C backbone 
























































Figure 45 In situ SERS spectra at λ = 647.1 nm excitation of (a) PNMPy and (b) 
P(NMPy-β-DMCD) films on gold electrode with ORC treatment taken at different 
potentials imposed in acetonitrile + 0.1 M LiClO4 solution. 
 
Like PNMPy film in aqueous solution the intensity of bands are higher than PNMPy in 
the presence of CDs. In acetonitrile solution the weak Raman band intensity at around 
932 and 988 cm-1 (attributed to the ring deformation) associated with dication (bipolaron) 
and radical cation (polaron), respectively, are higher than PNMPy in aqueous solution. 
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The Raman band at around 932 cm-1 have been also assigned to the symmetric stretching 
mode of ClO4- dopants in anodic and cathodic scans [171]. It is notable that the main 
peak is always accompanied with a broad shoulder on the high frequency side, which is 
due to the incorporated salts [171, 174]. For PNMPy, two Raman bands at around 1434 
and 1460 to 1467 cm-1 attributed to the ring breathing with contributions from C=C, C-C 
and C-N stretching from EAg/AgCl = 0.10 V to EAg/AgCl = 0.90 V increases slightly and after 
EAg/AgCl = 0.50 up to EAg/AgCl = 0.90 V, the Raman band at around 1334 cm-1 is 
overlapped with Raman bands at around 1465 cm-1. This observation clearly shows the 
slightly different behavior for PNMPy and PNMPy in the presence of CDs. Table 11 and 
12 shows the major band assignments of Raman spectra of PNMPy and P(NMPy-β-
DMCD) obtained with λ = 674.1 nm excitation in 0.1 M LiClO4 nonaqueous solution. 
For comparison, the Raman peak frequencies corresponding assignments at λ = 647.1 nm 
excitation of PNMPy and P(NMPy-β-DMCD) in aqueous and nonaqueous solution are 
listed in Table 13.  
 
Table 11 Major band assignments of Raman spectra of PNMPy obtained with λ= 647.1  
nm excitation. 
 Wavenumbers (cm)-1 at electrode potential (V) (vs. Ag/AgCl) 
Description -0.20 -0.10 0.00 0.10 0.20 0.40 0.50 0.70 0.90 
 C-H def. 932 932 932 932 932 932 932 932 932 

































































Results and discussion 
Table 12 Major band assignments of Raman spectra of P(NMPy-β-DMCD) obtained 
with λ= 647.1 nm excitation. 
 Wavenumbers (cm)-1 at electrode potential (V) (vs. Ag/AgCl) 
Description -0.20 -0.10 0.00 0.10 0.20 0.40 0.50 0.70 0.90 
 C-H def. 933 933 931 931 933 935 935 936 933 






















































 C=C str. 1602 1602 1602 1602 1602 1602 1602 1602 1602 
str.: stretching, def.: deformation 
 
 
Table 13 Band assignments of Raman spectra of PNMPy and P(NMPy-β-DMCD) 
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3.5.5 P3MPy and P(3MPy-β-DMCD) Films in Nonaqueous Solution 
 
Before in situ SERS measurement in nonaqueous electrolyte solution, the films were 
checked with cyclic voltammetry. Fig. 46 shows the in situ SERS spectra at λ = 647.1 nm 
excitation of P3MPy and P(3MPy-β-DMCD) films deposited on gold substrates with 
ORC pre-treatment imposed in acetonitrile + 0.1 M LiClO4 nonaqueous solution at 
different potentials in the anodic scans. The peak at around 929 cm-1 attributed to the 
symmetric stretching mode of ClO4- [171] dopants and C-H out-of-plane deformation 
vibration in P3MPy which somewhat overlap each other, doesn’t shift with anodic scan. 
As shown in the spectra, the intensity of the main peak attributed the C=C backbone 
stretching of reduced and oxidized P3MPy [172] at around 1557 to 1599 cm-1 with the 
anodic scan decreases with increase of potential from EAg/AgCl = -0.20 to EAg/AgCl = 0.20 V 


























































Figure 46 In situ SERS spectra at λ = 647.1 nm excitation of (a) P3MPy and (b) 
P(3MPy-β-DMCD films on gold electrode with ORC treatment taken at different 
potentials imposed in acetonitrile + 0.1 M LiClO4 solution. 
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The peak at around 1580 to 1590 cm-1 representing the P3MPy in an oxidized state, 
appears more significantly in a regular pattern with anodic scan than the peak at 1557 -
cm-1 representing the P3MPy in a reduced state. The Raman bands at around 1322 and 
1385 cm-1 are attributed to the ring stretching. The Raman band at around 1322 cm-1 
doesn’t change with increasing the potential up EAg/AgCl = 1.00 V. However the Raman 
band at 1385 cm-1 shows decrease in intensity with increasing the potential up to EAg/AgCl 
= 1.10 V. The Raman band at around 1467 cm-1 attributed to the C-N stretching shows 
the slight shift to 1455 cm-1 with increasing potential up to EAg/AgCl = 1.10 V. The two 
sharp Raman bands at around 992 and 1076 cm-1 corresponding to the C-H in-plane 
deformation vibrations shows a broad band with decreases in intensity by increasing the 
potential up to EAg/AgCl = 1.10 V. The in situ SERS spectra at λ = 647.1 nm excitation of 
P(3MPy-β-DMCD) films (Fig. 46b) are similar to P3MPy (Fig. 46a), although the 
intensity and position of the Raman bands depend on the potential are slightly different. 
The situation of peak at 935 cm-1 (attributed to the C-H out-of-plane deformation) doesn’t 
change. The intensity of the Raman bands at 1322 and 1388 cm-1 (attributed to the ring 
stretching) decreases with increasing the potential from EAg/AgCl = 0.40 to EAg/AgCl = 1.10 
V. The C=C backbone stretching peak of reduced and oxidized P3MPy at around 1555 to 
1583 cm-1 with the anodic scan show slight shifted to the 1596 to 1650 cm-1. Like 
P3MPy, the two sharp Raman band at around 994 and 1080 cm-1 corresponding to the C-
H in-plane deformation vibrations shows a broad band with decreases in intensity by 
increasing the potential up to EAg/AgCl = 1.10 V. Clearly, the differences were observed 
for the shape of Raman peaks corresponding to the C=C band and C-H in-plane 
deformation from EAg/AgCl = 0.40 up to EAg/AgCl = 1.10 (Fig. 46b). This may be due to a 
relatively small compositional and structural change of the P3MPy at the presence of 
CDs.  
Table 14 and 15 shows the major band assignments of Raman spectra of P3MPy and 
P(3MPy-β-DMCD) obtained with λ = 647.1 nm excitation in 0.1 M LiClO4 nonaqueous 
solution. For comparison, the Raman peak frequencies corresponding assignments at λ = 
647.1 nm excitation of P3MPy and P(3MPy-β-DMCD) in nonaqueous solution are listed 
in Table 16.  
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Table 14 Major band assignments of Raman spectra of P3MPy obtained with λ = 647.1 
nm excitation. 
Description -0.20 -0.10 0.00 0.10 0.20 0.40 0.60 0.80 1.00 1.10 
 C-H def. 
(in-plane) 
930 930 930 930 930 930 928 928 927 928 




























































































 Wavenumbers (cm)-1 at electrode potential (V) (vs. Ag/AgCl) 
str.: stretching, def.: deformation 
 
Table 15 Major band assignments of Raman spectra of P(3MPy-β-DMCD) obtained with 
λ = 647.1 nm excitation. 
 Wavenumbers (cm)-1 at electrode potential (V) (vs. Ag/AgCl) 
Description -0.20 0.00 0.20 0.40 0.60 0.80 1.00 1.10 
 C-H def. 
 (in-plane) 
935 935 935 935 935 935 935 935 













































1252 - 1256 1254 1261 - 125 1258 
































str.: stretching, deg.: deformation 
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Table 16 Band assignments of Raman spectra of P3MPy and P(3MPy-β-DMCD) 
obtained in nonaqueous solution. 
 
Assignment P3MPy / (cm-1) P(3MPy-DMCD) / (cm-1) 
C-H out-of-plane deformation 927-930 935 










C-N stretching 1450-1467 1450-1466 
















The work described in this dissertation clearly demonstrates the effect of CDs on 
intrinsically conducting PPy, PNMPy in aqueous and nonaqueous solution and P3MPy in 
nonaqueous solution, respectively. The electrosynthesis of PPy, PNMPy, P(Py-β-DMCD) 
and P(NMPy-β-DMCD) in two different media and P3MPy and P(3MPy-β-DMCD) in 
acetonitrile solution carried out by electrode potential cycling on a gold electrode. The 
slight positive potential shifts for polymers in the presence of CDs in two different media 
compared to polymers in absence of CDs may be a result of the hydrophobic Py, NMPy 
and 3MPy, respectively; partly or entirely included in the CD hydrophobic interior cavity. 
The incorporation of CDs in the films causes significant effects. Although cyclodextrines 
are not electroactive, electrochemical activation is required to trigger significant insertion 
of β-DMCD. The driving force that makes it possible to insert CDs into the polymer can 
be seen as electrochemically controlled molecular recognition forces. Possible structures 
for the polymeric materials are (ị) with covalent bonding between the PPy chains and 
CDs (ịị) without covalent bonding, but only insertion of CDs between the polymeric 
chains or (ịịị) partial encapsulation of the PPy chains with CDs (see Fig. 7). In fact, from 
hydrophilic-hydrophobic considerations can be suggested that the most probable 
conformation of CDs in the polymer layers is the partial encapsulation of the polymer 
chains. The in situ resistance measurement results show the low resistance for polymer 
films (prepared in acetonitrile solution) in nonaqueous solution than those (prepared in 
aqueous solution) in aqueous solution. Meanwhile, the result shows in acetonitrile 
solution the resistance of polypyrrole < poly(3-methylpyrrole) < poly(N-methylpyrrole) 
and also resistance of the poly(pyrrole-2,6-dimethyl-β-cyclodextrin) < poly(3-
methylpyrrole-2,6-dimethyl-β-cyclodextrin) < poly(N-methylpyrrole-2,6-dimethyl-β-
cyclodextrin). In situ UV-Vis-spectroelectrochemistry of films in two different media 
was investigated. The result shows the different bands and energy polaron transitions. 
The results demonstrate the involvement of specific interactions between the polymers 
and CDs. The results of the FT-IR spectroscopy of P(Py-β-DMCD) and P(NMPy-β-
DMCD) indicates no CD incorporation in the products. Finally, the in situ surface 
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enhanced Raman scattering as a useful method for the study of the structure and 
properties of electronically conducting polymers has been applied. The slight different in 
Raman peak frequencies and intensity of polymer films in aqueous and nonaqueous 
solutions may indicate small compositional and structural changes of the polymers at the 
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